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Preface 


The  INFOS'99  conference  on  Insulating  Films  on  Semiconductors  was  organized  by  the 
University  of  Erlangen-Numberg  at  the  Kloster  Banz  Conference  Center  near  Lichtenfels, 
approximately  80  km  north  of  Erlangen  in  Germany.  This  conference  was  the  Uth  sequel  of 
the  series  started  1979  in  Durham  England.  INFOS'99  attracted  130  participants  from 
industry,  research  institutes,  and  universities.  Attendants  were  registered  from  20  different 
nations.  ’ The  biennial  European  conference  series  specializing  in  insulating  films  on 
semiconductors  will  be  continued  by  INFOS'Ol  to  be  held  in  Udine,  Italy  in  the  year  2001. 


Since  INFOS'99  was  the  last  conference  in  this  century  of  this  series  specializing  on 
insulating  films  on  semiconductors,  this  proceedings  volume  presents  a  review  of  the 
achievements  of  the  MOS  technology  made  in  the  past  forty  years  and  gives  an  outlook  into 
the  future  of  the  next  century  by  two  invited  talks.  The  present  status  of  our  understanding  the 
insulating  properties  of  films  and  their  interface  to  semiconductors  is  surveyed  by  further  1 1 
invited  and  80  contributed  papers.  Special  emphasis  was  given  at  this  conference  to  the 
understanding  of  the  growth,  the  properties,  and  the  limits  of  ultrathin  gate  oxides  on  silicon, 
however,  sessions  devoted  to  oxide  traps,  alternative  dielectrics,  degradation  and  cleaning  of 
the  interface  were  also  included  among  others.  Oxides  on  silicon  carbide  were  discussed  at 
this  conference  for  the  first  time.  Non-volatile  memory  and  silicon-on-insulator  (SOI) 
properties  were  discussed  in  special  workshops. 

The  organizational  load  of  the  conference  was  distributed  on  many  collaborators.  The  service 
of  the  program  committee,  of  the  session  chair  persons,  and  of  many  conference  attendees 
who  reviewed  all  the  publication  manuscripts  during  the  conference,  was  very  much 
appreciated  and  made  the  quick  publication  of  these  proceedings  possible.  Special  thanks  also 
go  to  the  coworkers  from  the  Institute  of  Applied  Physics  at  the  University  of  Erlangen  and 
from  the  Center  of  Applied  Energy  Research  (ZAE  Bayern)  who  helped  to  run  the  conference. 
The  administration  work  of  the  registration  and  the  finances  by  Mrs.  G.  Loy  is  also  gratefully 
acknowledged.  The  staff  of  the  Hanns  Seidel  Foundation  made  the  stay  at  Kloster  Banz 
during  the  conference  very  pleasant;  this  service  to  the  conference  is  also  gratefully 
acknowledged. 


Erlangen,  July  1999 


M.  Schulz  R.  Brendel 
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40  years  MOS  technology  -  from  empiricism  to  science 

Pieter  Balk 

DIMES,  Delft  University  of  Technology, 

2600  GB  Delft,  The  Netherlands 

This  paper  summarizes  the  development  of  the  MOS  field  effect  technology  from  the  early  beginnings.  It  will 
deal  with  its  empirical  basis  and  present  some  examples  of  the  way  the  technology  progressed:  the  search  for  the 
ideal  semiconductor-dielectric  system,  the  continuous  battle  against  impurities  and  the  tenacity  with  which  the 
problem  of  the  interaction  of  hydrogen  with  Si/Si02  interfacial  defects  has  defied  complete  interpretation.  A  few 
highlights  from  the  period  under  discussion  will  conclude  the  review. 


1.  INTRODUCTION 

It  took  35  years  after  Lilienfeld’s  first  1925  patent 
on  a  field  effect  device  to  turn  his  idea  into  a  usable 
structure  where  a  substantial  modulation  of  the 
conduction  could  be  attained.  To  reach  this  point 
fundamental  insight  into  the  characteristics  of 
metals,  semiconductors  and  insulators  and  into  the 
behavior  of  contacts  between  these  materials  had  to 
be  acquired  and  basic  knowledge  of  their 
technology  had  to  be  obtained.  Only  on  this 
foundation  could  the  MOS  field  effect  technique 
live  up  to  its  potential  and  develop  over  the  next  40 
years  -from  1960  till  today-  into  a  technology  of 
great  economic  importance  for  the  fabrication  of 
ever  faster  devices  of  ever  smaller  dimensions  at  an 
ever  lower  price. 

2.  EMPIRICAL  BASIS 

Field  effect  devices,  as  described  in  two  patents  of 
Lilienfeld  [1,2]  and  in  a  later  patent  by  Heil  [3] 
would  only  become  attractive  when  implemented  in 
the  silicon  technology.  However,  in  the  forties  and 
fifties  the  development  of  this  technology  was 
directed  towards  bipolar  devices,  whereas  field 
effect  devices  received  hardly  any  attention. 

Nevertheless,  the  bipolar  work  produced  some 
important  insights  for  our  topic  of  interest.  One  was 
the  possibility  to  reduce  the  high  density  of 
interface  states  (broken  bonds)  [4],  as  found 


underneath  the  gate  electrode  on  “real”  (etched) 
surfaces,  by  thermal  oxidation  [5[.  Equally 
important  was  separating  the  conduction  of  the 
surface  inversion  layer  from  the  bulk  conduction  by 
using  a  source  and  a  drain  diode.  In  this  manner  a 
hundred  percent  modulation  of  this  parameter  in 
field  effect  devices  with  MOS  gate  system  could  be 
easily  obtained.  Last,  but  not  least,  thermally 
oxidized  silicon  had  found  an  important  application 
for  local  masking  in  the  planar  process  [6],  which  is 
essential  for  the  fabrication  of  small  devices  and 
integrated  circuits. 

3.  FURTHER  DEVELOPMENT 

The  first  properly  operating  MOS  field  effect 
devices  became  available  around  1960  [7].  They 
utilized  a  200  nm  gate  oxide  and  an  A1  gate.  These 
devices  had  stable  characteristics  and  constituted  a 
good  starting  point  for  further  development  of  the 
technique  up  to  the  present  time. 

This  development  demanded  new  and  more 
sensitive  methods  for  electrical  characterization,  as 
charge  pumping  [8],  to  explore  the  distribution  of 
interface  states  in  the  gate  area  of  devices,  and  RTS 
(random  telepraph  signal)  studies,  which  allow 
electrical  characterisation  of  single  interface  traps  in 
small  devices  [9,10].  For  atomic  identification  of 
defects  ESR  (electron  spin  resonance)  [11-13]  has 
proven  to  be  a  powerful  approach. 
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In  the  field  of  material  science  questions  to  be 
dealt  with  were  :  Is  there  an  alternative  for  the 
Si/Si02  system?  What  parameters  determine  the 
carrier  mobility  in  the  channel?  What  is  the 
mechanism  of  carrier  transport  and  trapping  in  the 
dielectric  in  relation  to  its  defect  structure?  In  which 
ways  can  this  structure  be  optimized?  What  is  the 
role  of  impurities  and  the  micromorphology  of  the 
interface  in  determining  the  properties  of  the  MOS 
system?  In  what  manner  can  these  parameters  be 
affected? 

In  the  following  we  will  try  to  characterize  the 
developments  in  the  MOS  field  during  the  past  40 
years  using  three  examples  :  the  search  for 
alternatives  for  the  Si/Si02  system;  controlling 
impurities  in  Si02;  the  interaction  between 
hydrogen  and  Si/Si02  interfacial  defects.  It  will  not 
be  our  intent  to  give  an  exact  description  of  our 
present  understanding.  We  will  rather  indicate  how 
our  insight  developed  and  what  complications  were 
encountered  along  the  way. 

4.THE  CHOICE  FOR  Si/Si02 

Notwithstanding  the  potential  advantages  of  other 
semiconductors,  silicon  has  one  very  attractive 
feature  :  the  open  flexible  structure  of  its  glassy 
oxide  Si02  ,  thermally  grown  on  crystalline  Si, 
which  provides  a  relatively  easy  fit  to  this  substrate 
and  thus  a  low  density  of  interface  states  [14]. 
Moreover,  its  properties  are  conveniently  modified 
by  incorporation  of  small  amounts  of  dopants  like  N 
[15],  F  [16]  or  Cl  [17].  Only  in  recent  years  the 
rather  low  value  of  the  dielectric  constant  along 
with  the  small  available  area  in  advanced  DRAM 
capacitors  has  created  renewed  demand  for 
alternative  materials  with  higher  dielectric  constant. 
Unfortunately,  with  the  exception  of  Si3N4,  the 
alternative  dielectrics  that  may  be  of  interest  are 
polycrystalline,  which  tends  to  cause  gate  leakage. 
By  optimization  of  the  technology  and  the  use  of 
very  thin  Si02  interlayers  one  has  learned  to  live 
with  this  problem.  Thus,  high  s  dielectrics  like 
Ta205  and  Ti02,  and  ferro-electrics  like  BaSr- 
titanate  appear  to  be  making  the  grade  [18]. 

Since  the  sixties  there  has  been  an  interest  in 
producing  MOS  devices  on  non-Si  substrates,  like 
Ge,  GeSi,  SiC  or  some  III-V  compound.  The  aim 
would  be  ,  for  example,  obtaining  a  higher  channel 
mobility  or  a  higher  operating  temperature  (because 


of  a  larger  bandgap).  This  requires  finding  a 
dielectric  which  would  provide  a  similarly  good  fit 
to  the  substrate  as  Si02  does  to  Si.  For  Ge  the 
search  for  a  suitable  dielectric  has  been 
unsuccessful.  For  the  binary  semiconductors  one 
has  an  extra  element  to  contend  with  and  also  in  this 
case  break-throughs  have  not  been  reported. 

5.  CONTROLLING  IMPURITIES 

Metallic  impurities  generally  have  a  deleterious 
effect  on  the  properties  of  MOS  structures.  The  drift 
in  device  characteristics  caused  by  Na  in  the  gate 
oxide  may  be  strongly  reduced  by  trapping  this 
impurity  in  a  thin  phosphosilicate  glass  film  grown 
on  top  of  the  thermal  oxide,  originally  (and 
accidentally)  obtained  as  a  “byproduct”  of  doping 
the  source  and  drain  of  n-channel  devices  in  the 
planar  technology.  Compromises  between 
polarisibility  of  the  film  (which  negatively  affects 
its  stability)  and  the  maximum  protection  against  Na 
drift  can  be  made  very  precisely  since  the  Si02- 
P205  system  has  been  well  characterized  [19]. 
Using  this  approach,  the  maximum  tolerable  Na 
concentration  in  production  equipment  could  be 
allowed  to  increase  to  a  level  which  was  considered 
easy  to  control.  Unfortunately,  the  development 
towards  thinner  gate  oxides  forced  to  the  use  of  ever 
thinner  and  less  concentrated  phosphosilicate  films 
which  ultimately  caused  the  complete  loss  of 
protection  against  Na. 

For  this  reason  a  second  method,  the  use  of  a 
gaseous  Cl  compound  (for  example  TCE, 
trichloroethene  ,  C2HC13  )  became  dominant  in  the 
seventies  [20].  The  chlorine  compound  not  only 
cleans  the  furnace  tube,  but,  by  injecting  it  as  an 
additive  to  the  oxidant,  is  instrumental  in 
substantially  reducing  the  Na  concentration  in  the 
gate  oxide.  An  added  advantage  of  the  Cl-method 
was  that  it  is  simpler  to  use. 

Present  day  ultra-clean  processing  techniques, 
which  were  introduced  around  1990,  constitute  an 
integral  approach  to  device  fabrication.  They  are 
not  only  concerned  with  metallic  impurities,  but 
also  consider  the  roughening  of  the  surface,  which 
effectively  causes  the  film  thickness  to  vary  over  the 
surface,  and  the  deposition  of  particulate  matter  and 
organics.  Gaseous  Cl  compounds  are  still  part  of  the 
cleaning  process.  However,  also  liquid  etching 
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appears  to  be  an  unavoidable  step  in  the  ultra-clean 
technology  [21]. 

6.  HYDROGEN  AND  INTERFACIAL 
DEFECTS 

The  interaction  between  hydrogen  and  interface 
states  has  occupied  the  attention  of  the  MOS 
community  throughout  its  history.  Only  at  the 
present  time  the  problem  appears  to  approach  a 
solution.  Part  of  the  difficulty  is  the  omnipresence 
of  hydrogen  in  MOS  structures  and  the  difficulty  of 
determining  its  concentration  and  state  of  bonding 
[22]. 

Passivation  of  silicon  dangling  bond  interfacial 
traps  by  reaction  with  molecular  hydrogen  [23,24] 
or  atomic  hydrogen  (formed  at  the  Al-Si02 
interface)  [25]  at  temperatures  around  400  0  C  was 
early  recognized  as  an  effective  way  to  enhance  the 
transconductance  in  field  effect  devices.  Heating  in 
forming  gas  (  a  mixture  of  H2  and  N2  )  was 
originally  performed  to  improve  the  bond  between 
gate  electrode  and  gate  dielectric,  and  to  provide 
improved  electrical  contact  to  source  and  drain.  In 
later  years  indications  were  obtained  that  under 
irradiation  in  MOS  systems  containing  hydrogen 
also  the  reverse  process,  the  depassivation  of 
interface  traps,  could  take  place.  In  this  case 
hydrogen  would  be  transported  through  the  oxide 
and  react  at  the  interface  as  OH'  radicals  [26],  H 
atoms  [27]  or,  as  a  later  insight,  protons  [28]. 

Experiments,  in  which  samples  were  exposed  to 
atomic  H  at  different  temperatures,  indicated  the 
existence  of  an  equilibrium  concentration  of 
passivated  interface  states  [29].  It  was  also 
concluded  from  experiments  with  atomic  H  that  not 
all  interface  states  generated  are  of  the  dangling 
bond  type  [30]  but  that  some  may  have  a  rather 
different  structure.  One  possibility  is  the  interfacial 
defect  which  has  been  suggested  to  occur  in  UV- 
irradiated  samples,  where  H  would  be  bonded  to  a 
lone  electron  pair  at  the  bridging  O-atom  in  the  Si- 
O-Si  network  at  the  interface  [31].The  latter 
structure  has  been  also  proposed  to  be  the  long 
known  oxidation-induced  fixed  charge  center, 
which  would  be  located  at  or  near  the  interface  [32]. 
A  complicating  factor  in  this  work  is  that  the 
generation  of  interface  states  appears  to  depend  on 
the  detailed  structure  of  the  MOS  system  ( 
thermally  grown  Si02 ;  various  types  of  SOI ). 


7.  HIGHLIGHTS 

The  results  of  the  past  40  years  in  our  field  have 
shown  the  development  of  a  considerably  deeper 
insight  in  the  details  of  increasingly  complex 
systems  of  strongly  reduced  dimensions  (  by  a 
factor  of  50  for  the  thickness  of  gate  oxide)  during 
this  period  [33].  New  phenomena  were  particularly 
reported  during  the  first  20  years.  We  will  only 
mention  here  the  effects  of  quantisation  in 
inversion  layers  [34]  and  carrier  trapping  in 
dielectrics  [35].  The  rapidly  growing  MOS 
technology  provided  high  quality  samples  for 
physical  experimentation,  which  in  turn  contributed 
strongly  to  the  development  of  the  field.  An 
excellent  demonstration  of  this  development  over 
the  second  20  years  may  be  found  in  the 
proceedings  of  the  international  biennial  conference 
on  insulating  films  on  semiconductors  (  Infos  ), 
published  since  1979. 

A  period  of  40  years  equals  approximately  the 
duration  of  a  professional’s  life;  it  is  about  the 
maximum  time  span  one  can  report  on  from  direct 
experience.  Many  scientists,  presently  working  in 
the  MOS  area,  have  not  personally  known  the 
workers  of  the  first  hour  ,  who  made  such  decisive 
contributions  in  shaping  the  field.  As  typical 
representatives  of  this  group  I  would  like  you  to 
remember  Sir  Neville  F.Mott  (Cambridge)  :  growth 
of  Si02  [36]  ;  Nic  Klein  (Haifa)  :  dielectric 
breakdown  [37]  ;  Ed  Nicollian  (Murray  Hill,  N.J. 
/Charlotte  N.C.  :  hydrogen  in  Si02  [38]  ;  electrical 
measurement  techniques  [39].  They  passed  away, 
but  their  work  had  a  strong  impact  on  our  field. 
Their  names  stand  for  scientific  excellence,  and  are 
also  typical  for  the  international  character  of  the 
MOS  community. 
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Silicon  MOSFETs  have  achieved  a  great  success  as  the  primary  component  of  LSIs  for  30  years  by  the  downsizing. 
However,  it  is  predicted  that  the  downsizing  will  encounter  certain  limit  in  the  early  period  of  next  century.  This 
paper  describes  about  the  outlook  of  future  of  MOS  transistors  and  LSIs  in  the  next  century  in  terms  of  its  predict¬ 
ed  limit  and  possibility  of  further  evolution. 


1.  INTRODUCTION 

Since  D.  Kahng  and  M.  Atalla  made  the  first  Si- 
MOSFET  in  1960  [1],  MOS  devices  started  a  great 
progress.  In  early  70’ s,  MOSFETs  were  integrated 
in  LSI  and  continued  to  make  remarkable  progress 
for  almost  30  years.  The  first  generation  of  LSIs, 
which  appeared  as  products  such  as  a  1Kbit  DRAM 
and  a  750  kHz  MPU  (Micro  Processor  Unit),  has 
evolved  up  to  64Mbit  DRAMs  and  600  MHz  MPUs, 
as  shown  in  Table  I.  This  evolution  has  seen  the 
critical  dimension  (CD)  decreases  to  1/50,  the  num¬ 
ber  of  memory  bit  increase  by  256,000  times,  and  the 
MPU  clock  frequency  increase  by  800  times.  Re¬ 
cent  revolutionary  progress  in  the  information  and 
communication  fields,  as  represented  by  the  Internet, 
and  the  popularization  of  intelligent  mobile  devices 
owes  much  to  this  remarkable  development  of  LSI 
technologies. 

Such  a  tremendous  growth  of  LSIs  illustrated  in 
Table  II  has  been  achieved  by  the  downsizing  of 
components  according  to  Moore’s  law  [2],  which 
says  that  CD  decreases  to  2/3,  chip  size  increases  to 
3/2,  and  number  of  components  in  a  chip  quadruples 
every  3  years,  or  at  every  new  generation.  Re¬ 
garding  the  future,  this  historical  trend  is  expected  to 
continue  according  to  the  SIA  (Semiconductor  In¬ 
dustry  Association)  National  Technology  Roadmap 
for  Semiconductors  [3]  and  its  updated  version  -  In¬ 


ternational  Technology  Roadmap[4]  -,  as  shown  in 
Table  III,  and  continuous  LSI  growth  is  predicted 
until  the  0.035  pm  generation  with  gate  length  of 
0.025  pm  in  the  year  of  2014,  though  with  a  com¬ 
ment  of  no  known  solution  to  some  of  the  require¬ 
ments  for  the  future  generations. 

If  the  same  trend  is  assumed  up  until  2059,  the 
CD  of  LSI  products  will  be  less  than  the  atomic  dis¬ 
tance  in  the  silicon  crystal.  This  would  be  the  ulti¬ 
mate  limit  of  conventional  LSI.  Before  reaching  this 
limit,  however,  we  can  expect  certain  other  limita¬ 
tions  to  arise  the  reasons.  In  particular,  the  0.1  pm 
generation  expected  to  start  in  2005  is  already 
thought  to  be  a  critical  stage  because  several  limita¬ 
tions  coincide. 

In  spite  of  the  expected  limit  in  the  downsizing, 
the  downsizing  of  the  MOSFETs  has  been  accelerat¬ 
ed  year  by  year  by  year  due  to  severe  development 
competition  among  the  chip  suppliers  which  are  aim¬ 
ing  to  release  the  next  generation  technology  before 
the  roadmap  schedule,  resulting  in  the  revision  for 
updating  the  roadmap  as  shown  in  Figs.  1  and  2. 

This  paper  describes  on  a  personal  view  of  the 
perspective  of  MOSFETs  and  MOS  LSIs  into  the 
21st  century,  considering  their  possible  limits  in  the 
early  next  century. 
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Table  I  Evolution  of  LSI  from  1970  to  1999 


IdUIC  ■  L_VWiUl.ll 

Year 

CD 

ratio 

DRAM  bit 

ratio 

MPU  clock 

ratio 

1970 172 

10  iim 

1 

IK 

1 

750  KHz 

1 

1998 

0.18  urn 

1/50 

256M 

256,000 

600  MHz 

800 

CD:  Critical  Dimension 


Table  II  Historical  trend  of  CD  and  number  of  DRAM  bits 


i  auic  ii  i  i 

Year 

1970 

1974 

1977 

1980 

1983 

1986 

1989 

1989 

1995 

1998 

CD  (urn) 

10.0 

6.0 

4.0 

3.0 

2.0 

1.2 

0.8 

0.5 

0.35 

0.25 

Reduction 

0.6 

0.67 

0.75 

0.67 

0.6 

0.67 

0.63 

0.70 

0.71 

DRAM 

IK 

4K 

16K 

64K 

256K 

1M 

4M 

16M 

64M 

256M 

IdUIC  111  ruiuic  IICIIU  MJ  IMIV.MIV.HVM 

Year 

1997 

— _ 

1999 

2002 

2005 

2008 

2011 

2014 

Dense  lines:  Half  pitch  (pm) 

0.25 

0.18 

0.13 

0.10 

0.07 

0.05 

0.035 

Reduction 

— 

0.72 

0.72 

0.77 

0.7 

0.71 

0.70 

Isolated  lines:  MPU  gate  (pm) 

0.20 

0.14 

0.10 

0.07 

0.05 

0.035 

0.025 

Reduction 

— 

0.70 

0.71 

0.70 

0.71 

0.70 

0.71 

DRAM®  samples/introduction 

256M 

1G 

4G 

16G 

64G 

256G 

IT 

DRAM  ©production  ramp 

64M 

256M 

1G 

4G 

16G 

64G 

256G 

MPU  Clock  frequency  (MHz) 

On-chip,  local,  high  performance 

750 

1250 

2100 

3500 

6000 

10000 

16903  ' 

On-chip,  across  the  chip,  high  performance 

375 

1200 

1600 

2000 

2500 

3000 

3674 

On-chip,  across  the  chip,  cost  performance 
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Fig.l  SIA  Roadmap  for  isolated  gate  length 
2.  DOWNSIZING  BY  SCALING  METHOD 

In  digital  circuit  applications  a  MOSFET  func¬ 
tions  as  a  switch.  Thus,  complete  cutoff  of  leakage 
current  in  the  "off'  state,  and  low  resistance  or  high 
current  drive  in  the  "on"  state  are  required.  In  addi¬ 
tion  small  capacitances  are  required  for  the  switch  to 
rapidly  turn  on  and  off. 

When  making  the  gate  length  small,  even  in  the 


Fig.2  SIA  Roadmap  for  minimum  supply  voltage 

"off  state,  the  space  charge  region  near  the  drain  - 
the  high  potential  region  near  the  drain  -  touches  the 
source  in  a  deeper  place  where  the  gate  bias  cannot 
control  the  potential,  resulting  in  a  leakage  electron 
current  from  source  to  drain  via  the  space  charge  re¬ 
gion  as  shown  in  Fig.  3.  This  is  the  well-known 
short-channel  effect  of  MOSFETs.  The  short- 
channel  effect  is  often  measured  as  the  threshold 
voltage  reduction  of  MOSFETs  when  it  is  not  severe. 
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Fig.3  Short-channel  effect 
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In  order  for  a  MOSFET  to  work  as  a  component  of 
an  LSI,  the  capability  of  switching-off  or  the  suppres¬ 
sion  of  the  short-channel  effects  is  the  first  priority  in 
the  designing  of  the  MOSFETs.  In  other  words,  the 
suppression  of  the  short-channel  effects  limits  the 
downsizing  of  MOSFETs. 


In  the  "on"  state,  reduction  of  the  gate  length  is 
desirable  because  it  decreases  the  channel  re- 
resistance  of  MOSFETs.  However,  when  the  chan¬ 
nel  resistance  becomes  as  small  as  source  and  drain 
resistance,  further  improvement  in  the  drain  current 
or  the  MOSFET  performance  cannot  be  expected. 
Moreover,  in  the  short-channel  MOSFET  design,  the 
source  and  drain  resistance  often  tends  to  even  in¬ 
crease  in  order  to  suppress  the  short-channel  effects. 
Thus,  it  is  important  to  consider  ways  for  reducing 
the  total  resistance  of  MOSFETs  with  keeping  the 
suppression  of  the  short-channel  effects. 


The  capacitances  of  MOSFETs  usually  decreases 
with  the  downsizing,  but  care  should  be  taken  when 
the  fringing  portion  is  dominant  or  when  impurity 
concentration  of  the  substrate  is  large  in  the  short- 
channel  transistor  design. 


Thus,  for  the  MOSFET  downsizing,  the  suppres¬ 
sion  of  the  short-channel  effects  with  the  improve¬ 
ment  of  the  total  resistance  and  capacitances  are  re¬ 
quired.  In  othef  words,  without  the  improvements 
of  the  MOSFET  performance,  the  downsizing  be¬ 
comes  almost  meaningless  even  if  the  short-channel 
effect  is  completely  suppressed. 

To  suppress  the  short-channel  effects  and,  thus, 
to  secure  good  switching-off  characteristics  of  MOS¬ 
FETs,  the  scaling  method  was  proposed  by  R.  Den- 
nard  et  al.  [5],  where  the  parameters  of  MOSFETs 
are  shrunk  or  increased  by  the  same  factor  K  as 


shown  in  Fig.  4,  resulting  in  the  reduction  of  the 
space  charge  region  by  the  same  factor  K  and  sup¬ 
pression  of  the  short-channel  effects. 


1 


Fig.4  Scaling  method 


So  far,  great  success  has  been  achieved  with  the 
scaling  method  in  miniaturizing  MOSFETs  down  to 
gate-lengths  of  0.14  pm  at  the  LSI  product  although 
the  actual  scaling  of  the  parameters  has  been  some¬ 
what  different  from  that  originally  proposed  as  the 
ideal  scaling,  as  also  shown  in  Fig.  5. 


Fig.5  Trend  of  actual  scaling  for  parameters 

The  major  difference  is  the  supply  voltage  reduc¬ 
tion.  The  supply  voltage  was  not  reduced  in  the 
early  phase  of  LSI  generations  in  order  to  keep  a 
compatibility  with  the  supply  voltage  of  conventional 
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systems  and  also  in  order  to  obtain  higher  operation 
speed  under  higher  electric  field.  However,  now,  it  is 
not  easy  to  reduce  the  supply  voltage  because  of  dif¬ 
ficulties  in  reducing  the  threshold  voltage  of  the 
MOSFETs.  Too  small  a  threshold  voltage  leads  to 
significantly  large  subthreshold  leakage  current  even 
at  the  gate  voltage  of  0  V. 


3.  LIMITS  EXPECTED  AT  CRITICAL 
GENERATIONS 


map  shown  in  Table  III  to  the  year  of  2059,  CD  of 
LSI  products  would  become  less  than  atomic  distance 
in  silicon  crystal,  and  64E  (Exa:1018)  bit  DRAM 
would  be  produced  with  a  supply  voltage  of  2  mV  as 
shown  in  Table  IV.  This  would  be  the  a)  ultimate 
limit  of  LSI  determined  by  the  atomic  distance.  The 
gate  electrode  could  be  produced  by  atomic  manipu¬ 
lation  such  by  STM,  but  it  is  hardly  believable  that 
this  works  as  a  component  of  LSIs.  Thus,  anyway, 
the  progress  of  the  LSI  by  the  component  downsizing 
will  encounter  the  hard  limit  by  the  middle  of  the  next 
century  at  the  longest. 


If  we  could  assume  the  same  trend  of  the  road- 
Table  IV  Simple  extrapolation  of  the  roadmap  of  Table  III  to  future  and  expected  downsizing  limiting  factors 


Year  (Product) 

2005 

2017 

2026 

2047 

2059 

CD 

0.01  pm 
(=  10  nm) 

0.001  pm 
(=  1  nm) 

0.018  pm 

0.07  pm 

0.0007  pm 

tox 

1.5  -2  nm 

0.4  -  0.5  nm 

EB8PHI 

jgjSggjUSI 

HMfll 

Min  Vd 

0.9 -1.2  V 

0.18 -0.25  V 

0.09 -0.12  V 

0.009 -0.012  V 

0.0018  -  0.002  V 
(=1.8 -2  mV) 

DRAM 

16Gbit 
(Giga :  109) 

256Gbit 

64Ebit 
(Exa :  1018) 

Downsizing 

Limiting 

factor 

e)  Scaling 

parameter 

f)  Performance? 

g)  Lithography? 

h)  Interconnects? 

i)  Economy? 

d)  Short-channel 
effects 

MOSFET 

switch-off? 

b)  Thermal  noise? 

c)  Uncertainty 
principle? 

a)  Atomic 
distance 

Before  this  limit,  however,  there  are  expected 
certain  levels  of  limitation  by  several  reasons  as 
shown  in  the  table.  In  the  year  of  2047,  the  device 
feature  size  would  reach  1  nm,  and  it  has  been  told 
that  b)  thermal  noise  and  c)  uncertainty  principle 
would  limit  the  transistor  and  LSI  functions.  In  the 
year  of  2017,  we  could  reach  the  25  nm  generation 
paying  a  huge  effort,  but  the  MOSFETs  would  not 
switch  off  due  to  the  so-called  d)  short  channel  ef¬ 
fects  [6], 

Especially,  0. 1  pm  generation  is  already  thought  to 
be  a  critical  stage  due  to  5  downsizing  limiting  factors 
which  relate  each  other;  e)  scaling  parameter,  f)  per¬ 
formance,  g)  lithography,  h)  interconnects,  and  i) 
costs.  Each  factor  is  explained  in  the  following  sec¬ 
tions. 


4.  LIMITS  BY  SCALING  PARAMETERS 
AND  DEVICE  PERFORMANCE 

In  order  to  realize  sub-0. 1  pm  MOSFETs,  signifi¬ 
cant  modification  of  the  scaling  method  is  required 
because  some  of  the  parameters  have  already  reached 
their  scaling  limitation  in  the  0.1  pm  generation  as 
shown  in  Table  V.  In  the  0.1  pm  generation,  the 
gate  oxide  thickness  has  already  reached  the  direct- 
tunneling  leakage  limit  of  3  nm.  The  substrate  im¬ 
purity  concentration  (or  the  channel  impurity  con¬ 
centration)  has  already  reached  1018cm'3.  If  the 
concentration  is  further  increased,  the  source- 
substrate  and  drain-substrate  junctions  become  highly 
doped  pn  junctions  and  act  as  tunnel  diodes.  Thus, 
the  isolation  of  source  and  drains  with  substrate  can- 
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not  be  maintained.  The  threshold  voltage  has  al¬ 
ready  decreased  to  0.2  -  0.4  V  and  further  reduction 
causes  significantly  large  subthreshold  leakage  cur¬ 
rent.  Further  reduction  of  the  threshold  voltage  and 
thus,  the  further  reduction  of  the  supply  voltage  are 
difficult. 


Table  V  Scaling  parameter  limitation 


Scaling 

parameter 

Value  at  0. 1pm 
generation 

limiting  factor 

Lg 

0.07  pm 

cost  of  lithography 

xj 

20  -  40  nm 

diffusion  layer  resistance 

tox 

1.5  -2  nm 

direct-tunneling  leakage 

Nsub 

!E18/cm3 

direct-tunneling  leakage 

Vd 

0.9- 1.2  V 

lower  limit  of  Vth 

Vth 

0.2 -0.4 

subthreshold  leakage 

As  obvious  from  Table  IV,  if  we  would  continue 
the  simple  scaling  for  future  generations,  tox,  Vd,  and 
Vth  will  soon  become  the  unrealistically  small  values. 
Thus,  in  1993,  by  using  somewhat  irregular  scaling 
scheme  as  shown  in  Table  VI  -  no  further  scaling  of 
the  tox,  Nsub  and  Vd  values,  but  instead,  aggressive 
downsizing  of  Lg  and  xj  values  -  successful  opera¬ 
tion  of  40  nm  gate  length  MOSFETs  was  without  the 
short-channel  effects  was  confirmed  as  shown  in  Fig. 
6  [7]. 


Table  VI  Scaling  scheme  used  for  0. 1  pm  to  40  nm. 
Parameter  values  of  0.1  pm  MOSFETs  in  1993 
was  slightly  different  from  those  of  Table  IV. 


0.1  pm 

40  nm 

Lg 

0.1  pm 

2/5 

40  nm 

tox 

3  nm 

1 

3  nm 

xj 

40  nm 

1/4 

10  nm 

Nsub 

10  cm 

1 

io'W 

Vd 

1.5  V 

1 

1.5  V 

However,  it  was  found  that  the  deep  sub-0. 1  pm 
MOSFETs  -  including  the  40  nm  Lg  MOSFETs  - 
made  without  downsizing  tox  do  not  show  any 
current  drivability  increase  as  shown  in  Fig.  7.  By 
the  experiment  of  1.5  nm  direct-tunneling  oxide 
MOSFETs  [8],  it  was  confirmed  that  gate  oxide 
should  go  beyond  the  direct-tunneling  limit  -  3  nm  - 
and  the  SIA  roadmap  was  changed  aggressively  as 
shown  in  Fig.  8. 


Fig.6  40  nm  gate  length  n-MOSFET  operation 


0.01  0.1  1  10 


(a)  gate  oxide  thickness 


(b)  Drain  current 


Fig.7  Correlation  between  the  oxide  thickness  (a) 
and  current  derivability  (b)  plotted  from  pub¬ 
lished  data. 
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Progress  of  the  LSI  has  been  achieved  by  the 
downsizing  of  components,  mainly  because  the  ca¬ 


pacitance  values  decreases  and  thus  switching  time  of 
the  circuit  decreases.  This  does  not  seem  to  be  ne¬ 
cessarily  true  when  the  CD  decreases  to  0  1  pm  and 
below.  The  problems  related  with  the  interconnects 
are  explained  in  the  interconnects  section.  Re¬ 
garding  the  MOSFET  downsizing,  also  performance 
improvement  cannot  be  guaranteed  in  the  generations 
of  0. 1  pm  and  below. 

Table  VII  shows  the  current  status  of  the  gate 
lengths  for  each  level  of  front-end  research  and  prod¬ 
ucts.  As  described  in  the  above,  the  minimum  Lg 
achieved  for  transistor  level  (Lg  =  0.04  pm)  does  not 
give  the  highest  transistor  performance  (At  this  mo¬ 
ment,  it  is  given  at  Lg  -  0.06  -  0.07  pm),  and  that  the 
minimum  Lg  achieved  for  CMOS  ring  oscillator  (Lg 
=  0.075  pm)  does  not  give  the  highest  circuit  per¬ 
formance  (It  is  given  at  Lg  =  0. 1  pm). 


Table  VII  Gate  lengths  which  give  the  highest  performances 


Digital 

Logic 

Tr 

Level 

n-MOS:  0.025  pm 

p-MOS:  0.025  pm 

Min.  Lg  (Experiment) 

n-MOS:  0.04  pm 

p-MOS:  0.05  pm 

Lg  for  max  Id  (Experiment) 

Lg  for  max  gm  (Experiment) 

n-MOS:  0.06  pm:  1 120mS/mm  @1.5  V 

n-MOS:  0.07  pm:  >1100mS/mm  @1.5V 

n-MOS:  0. 10  nm:  1210mS/mm  @2.5V 

Circuit 

Level 

Min.  Lg  (Experiment) 

Lg  for  min  tpd 
(Experiment) 

Kill 

SOI  CMOS  Ring  Osc:  ~0.1  pm?  (Leff=0.07nm);  7.9ps@2.1V 

LSI 

Level 

Min  Lg  for  MPU  (Products) 

0.18  pm:  550 -600  MHz 

Thus,  at  this  moment,  the  minimum  Lg  for  MOSFET 
operation  does  not  guarantee  the  maximum  transistor, 
circuit  or  LSI  performance.  Large  resistance  caused 
by  ultra-shallow  S/D  junction  will  harm  the  transistor 
and  circuit  performance,  for  example.  For  the  logic 
devices,  increase  of  the  power  consumption  with  in¬ 
crease  in  the  clock  frequency  is  another  major  concern. 
The  reduction  of  the  supply  voltage  is  the  most  effec¬ 
tive  method  to  reduce  the  power  with  the  sacrifice  of 
the  clock  speed. 

It  should  be  noted  that  no  circuit  performance  im¬ 
provement  has  been  realized  below  0. 1  pm  generation 


even  in  the  research  level,  even  though  deep  sub-0.1 
pm  gate  length  MOSFETs  were  realized.  This 
would  lead  to  the  downsizing  limit  in  terms  of  the  LSI 
performance.  We  hope  this  is  solved  by  future  de¬ 
velopment  of  downsizing  technology. 

5.  DOWNSIZING  LIMIT  BY  LITHOGRAPHY 

Lithography  is  the  most  fundamental  process  to 
realize  the  downsizing.  The  progress  of  the  lithogra¬ 
phy  resolution  has  been  achieved  by  the  reduction  of 
the  wavelength  used  for  the  light  for  the  exposure  of 
the  lithography.  Now,  248  nm  (or  0.248  pm)  wave 
length  light  emitted  from  a  KrF  excimer  laser  is  used 
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for  0.18  (am  devices.  It  should  be  noted  that  the  KrF 
is  for  the  lithography  which  size  is  much  shorter  than 
the  wavelength.  In  order  to  realize  this,  several  kinds 
of  resolution  enhancement  technique  (RET)  has 
been/are  going  to  be  developed.  Furthermore,  it  is 
expected  that  193  nm  wavelength  ArF  light  with  com¬ 
bination  of  the  RET  will  realize  down  to  0.13  pm 
lithography  in  near  future. 

So  far,  0.13  pm  generation  would  be  handled  by 
ArF  stepper.  One  of  the  most  serious  problem,  how¬ 
ever,  is  that  there  is  no  light  source  commonly  accept¬ 
ed  in  the  industry  for  the  next  generation  to  ArF. 
There  are  several  kinds  of  lithography  techniques  pro¬ 
posed,  but  none  of  them  have  been  confirmed  at  this 
moment  as  the  cost-effective  candidate  for  further  0.1 
pm  and  below.  We  hope  this  will  be  solved  in  near 
future. 

6.  LIMITS  BY  INTERCONNECTS 

Interconnects  are  another  big  concern  because  the 
length  of  the  interconnects  and  hence  the  number  of 
interconnect  layers  continues  to  increase  with  genera¬ 
tions.  Thus,  the  number  of  the  backend  process  steps 
increases,  resulting  in  the  significant  production  cost 
increase.  Because  the  interconnect  line  becomes 
longer,  narrower  and  denser  for  every  generation,  its 
resistance  and  capacitance  increases  dramatically. 
These  RC  delay  and  production  cost  for  the  intercon¬ 
nects  would  certainly  work  as  a  limiting  factor  to  the 
downsizing  in  the  regime  of  0,1  pm  and  below. 

Of  course,  the  introduction  of  the  new  techniques 
such  as  Cu-damascene  and  low  k  interlayer  material  as 
shown  would  be  veiy  effective  to  extend  the  limit. 
However,  the  limitation  of  the  interconnect  multi-layer 
and  downsizing  will  arrive  in  not  far  future. 

8.  OUTLOOK  INTO  THE  NEXT  CENTURY 

As  described  in  the  previous  sections,  the  next 
century  will  featured  by  the  i)  end  of  downsizing,  ii) 
end  of  gate  oxide  thinning,  iii)  end  of  the  increase  in 
integration  iv)  end  of  progress  in  clock  frequency,  in 
the  middle  range.  However,  it  does  not  mean  the  end 
of  the  R  &  D  in  semiconductor  industry  and  its  prog¬ 
ress.  LSIs  are  now  indispensable  products  for  human 
society,  similar  as  automobile,  aircraft  manufacturing 
or  steel  industries.  Even  though,  the  progress  in  the 
speed  or  size  of  the  airplane  saturate,  there  is  always  a 
huge  market  and  R  &D  are  indispensable  to  win  the 


competition.  Furthermore,  as  the  function  of  LSI 
evolves  to  higher  level  for  handling  more  sophisticated 
operations,  new  application  and  market  will  be  explo¬ 
sively  increase,  which  would  grow  the  semiconductor 
industry  further.  In  the  middle  to  short  range,  begin¬ 
ning  of  the  next  century  will  be  an  exciting  period  for 
the  researchers,  because  now  the  research  for  new 
materials  which  would  replace  the  gate  oxide  or  poly 
Si  gate  electrode,  etc.  are  really  demanded  and  there  is 
a  high  possibility  that  these  new  material  somehow 
extend  the  downsizing  limit  of  MOSFETs  or  LSIs. 

What  would  be  a  possibility  of  new  device  struc¬ 
tures?  In  order  to  reduce  the  power  consumption 
under  considerably  high  speed  operation  in  the  mobile 
environment ,  higher  drive  current  under  lower  bias  is 
desirable.  Single  electron  transistors  does  not  seem 
to  meet  the  requirement  at  this  moment  because  of 
poor  current  drive  or  signal  propagation  capability. 
In  the  early  period  of  the  next  century,  telecommuni¬ 
cation  technology  will  make  a  huge  progress.  Under 
such  an  environment,  high  speed  computations  would 
be  done  by  the  base  station  and  requirement  to  the 
high  current  drive  would  become  less  aggressive. 

What  will  be  the  future  direction  of  technology 
development  ?  Will  it  leave  the  beaten  path?  Will 
there  be  any  major  breakthrough?  Table  VIII 
shows  some  of  the  major  discovery  and  invention  in 
electronics  for  done  from  the  end  of  last  century. 

Table  VHI  Discovery  and  invention  in  electronics 
1897  Discovery  of  electrons  by  Thomson 
1904  Invention  of  vacuum  tube  (Diode)  by  Flemimg 
1907  Invention  of  vacuum  tube  (Triode)  by  De  Forest 
1925  Invention  of  concept  of  MOSFET  by  Lilinefeld 

1946  Realization  of  computer  by  Eckert  and  Mauchly 

1947  Invention  of  bipolar  Tr  by  Bardeen,  Bratten,  Shockley 
1959,61  Invention  of  IC  by  Kilby  and  Noyce 

1960  Realization  of  MOSFET  by  Kahng  and  Atalla 
1970, 71  Fabrication  of  IkDRAM  and  4bit  MPU  by  Intel 
1 990’s  Internet,  mobile  computation  /  telecommunication 

Considering  such  a  tremendous  progress  in  this  century,  it 
is  impossible  at  all  to  predict  the  technology  progress  of 
next  century.  However,  some  personal  view  for  the 
outlook  of  MOSFETs  and  LSIs  in  the  next  century  is 
shown  in  Table  XI,  because  this  is  the  main  objective 
of  this  paper.  No  one  can  make  predictions  about  fu¬ 
ture  breakthroughs,  but  it  seems  that  an  immediate 
revolution  on  the  hardware  side  is  unlikely. 
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Table  IX  Personal  view:  Outlook  of  the  progress  of  MOSFET  and  LSI  technologies 


Early  period 

21st  century 

Middle  period  Late  period 

4  Hardware  performance  limit? 

4  Downsizing  limit? 

t  Suitable  process  and  structure  t  Breakthrough  for 

Hardware 

4  Interconnect  problem? 

for  new  application  or  algorithm?  process  or  device??? 

aspect 

4  Lithography  tool  Problem? 

t  Progress  in  new  material  introduction? 

t  Software  performance  progress? 

t  Breakthrough  in  algorithm  or  architecture 

f  New  application 

like  biological  system?? 

Software 

more  and  more  intelligent? 

aspect 

more  and  more  information  &communication? 

more  and  more  personal  and  mobile? 

4  Production  cost  increase 

4  Economy  crisis  in  Asia,  Russia,  etc. 

t  New  market  corresponding  to  the  breakthrough 

Economy 

4  Economy  panic  in  the  world.?? 

shown  in  the  above?? 

Market 

t  Increase  in  market  size 

aspect 

rapid  growth  in  Chain,  India  etc.? 

new  application  described  in  the  above? 

Rather  than  hardware,  there  is  a  better  chance  of  a 
breakthrough,  or  at  least  of  innovation,  on  the  soft¬ 
ware  side,  such  as  new  application,  algorithm  and 
system  architecture  side.  ‘Internet’  would  be  one  of 
the  examples.  It  is  one  of  the  major  forces  to  expe¬ 
dite  the  realization  of  the  information  community  and 
thus  to  develop  new  application  fields  of  LSIs. 
Popularization  of  the  intelligent  mobile  devices  is 
another  example. 

In  particular,  it  has  been  noted  that  today’s  com¬ 
puter  architecture  is  much  more  inefficient  than  bi¬ 
ological  structures.  Thus,  there  is  room  for  revolu¬ 
tionary  improvements  in  the  efficiency  of  our  comput¬ 
er  structures  at  some  point  in  the  future.  Once  a 
breakthrough  or  innovation  occurs  on  the  software 
side,  hardware  will  follow.  New  hardware  demands 
imposed  by  new  systems  will  become  a  strong  motive 
force.  In  fact,  the  past  development  of  digital  LSIs 
has  strongly  depended  on  the  conventional  computer 
architectures.  The  discussion  of  the  necessity  of  the 
downsizing  in  the  roadmap  has  been  made  also  on  the 
premise  of  today’s  architecture.  It  is  greatly  expect¬ 
ed  that  new  algorithm  and  architecture  of  computer 
totally  different  from  those  of  today  will  promote  the 
development  of  a  completely  new  style  of  LSIs. 


Even  now,  prototypes  of  future  hardware  device  com¬ 
ponents  might  already  be  in  existence  simply  waiting 
for  suitable  applications. 

Research  on  conventional  path  is  still  most  impor¬ 
tant.  It  is  likely  that  research  on  the  introduction  of 
many  kinds  of  new  materials  -  whether  inorganic,  or¬ 
ganic,  or  even  biological  -  to  semiconductor  devices 
will  be  the  most  productive;  certainly  this  is  an  excit¬ 
ing  area  with  potential  for  extending  some  limitation 
of  LSIs.  From  the  process  research  point  of  view, 
we  look  forward  to  new  approaches  that  will  dramati¬ 
cally  reduce  the  production  costs.  Also,  environ¬ 
mental  issues  must  be  considered  of  utmost  impor¬ 
tance  in  the  development  of  any  new  techniques. 
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The  studies  on  the  atomic-scale  surface  roughness,  interface  structures  and  interface-state-distribution  in  silicon 
bandgap  at  the  initial  growth  steps  of  ultrathin  oxides  formed  on  Si(lOO)  are  reviewed  in  comparison  with 
ultrathin  oxides  formed  on  Si(lll).  Interface-state-density  distribution  in  silicon  band  gap  was  found  to  change 
periodically  with  progress  of  oxidation  in  accordance  with  layer-by-layer  oxidation.  Therefore,  the  oxide  film 
thickness  must  be  adjusted  with  the  accuracy  of  less  than  0.1  nm  in  order  to  minimize  the  interface-state- 
densities.  The  structural  difference  between  1-nm-thick  structural  transition  layer  and  bulk  silicon  dioxide  was 
detected  from  the  measurement  of  Ols  photoelectron  spectra.  The  effect  of  elastic  scattering  on  Si  2p 
photoelectrons  in  silicon  oxide,  which  is  important  in  the  accurate  structural  analysis  of  ultrathin  gate  oxides,  is 
also  discussed. 


1.  INTRODUCTION 

Since  MOSFET  with  1.5-nm-thick  gate  oxide  was 
shown  to  operate  at  room  temperature,[l]  extensive 
studies  have  been  performed  on  the  reliability  of 
ultrathin  gate  oxides.  Because  1.5  nm  is  close  to  the 
thickness  of  structural  transition  layer  consisting  of 
Si02  and  the  amount  of  electronic  defects  in  the 
structural  transition  layer  must  be  larger  than  those 
in  bulk  Si02,  the  reliability  of  ultrathin  gate  oxides 
must  be  strongly  influenced  by  the  chemical 
structure  of  structural  transition  layer.  In  the  present 
paper  surface  and  interface  structures  and  correlation 
between  interface  states  and  structures  at  the  initial 
growth  steps  of  ultrathin  gate  oxides  in  addition  to 
the  effect  of  elastic  scattering  of  Si  2p 
photoelectrons  in  silicon  oxides,  which  is  important 
in  the  accurate  structural  analysis  of  ultrathin  gate 
oxides,  will  be  discussed. 

The  layer-by-layer  oxidation  process  on  silicon 
surface  was  first  discovered  using  transmission 
electron  microscope [2]  and  was  later  confirmed  on 
an  atomic-scale  in  lateral  direction  using  scanning 
reflection  electron  microscope. [3,4]  This  layer-by- 
layer  oxidation  reaction  was  shown  to  occur  at  the 
interface  from  X-ray  photoelectron  spectroscopy 
studies  on  the  interface  structures.  Namely,  on 
Si(lll)  surface  the  periodic  changes  in  interface 
structures  appear  as  a  result  of  bonding  nature  of  Si 
crystal  at  the  interface. [5]  The  abrupt  composi¬ 


tional  transition  takes  place  on  Si(lll)  and  (100) 
surfaces  and  is  weakly  affected  by  the  atomic  steps 
on  the  initial  surface. [5,6] 

In  order  to  relax  oxidation-induced  stress  near  the 
interface  the  structural  transition  layers  are  formed 
on  both  sides  of  the  interface.  The  thickness  of  this 
structural  transition  layer  on  the  oxide-side  was 
determined  to  be  about  1  nm  from  the  analysis  of 
infrared  absorbance  and  X-ray  reflectance. [7,  8] 
The  valence  band  discontinuity  of  0.2  eV  was  found 
at  the  boundary  between  this  structural  transition 
layer  and  bulk  Si02  layer  for  oxides  formed  on 
Si(lll)  and  Si(100)[9,  10]  and  was  shown  to  result 
from  the  distortion  of  silicon  oxides  in  the  structural 
transition  layer.  [11]  Furthermore,  the  structural 
transition  layer  was  found  be  different  from  bulk 
Si02  layer  from  the  measurement  of  Ols  photo¬ 
electron  energy  loss  spectra  probably  because  there 
is  a  large  difference  in  defect  structure  between  these 
two  layers.  This  can  be  expected  from  the  recent 
medium-energy  ion-scattering  studies  that  the 
oxidation  reaction  occurs  not  only  at  the  interface 
but  also  near  the  interface. [12] 

It  was  found  from  the  studies  on  oxide  surfaces 
using  non-contact  mode  atomic  force  micro- 
scope[13]  that  there  is  a  clear  difference  in  surface 
morphologies  of  oxides  formed  on  Si(lll)  and 
Si(100).  With  the  progress  of  oxidation  from  the 
thickness  of  1.0  to  1.7  nm  the  size  of  protrusions  on 
the  surface  of  oxides  formed  on  Si(lll)  increases, 
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while  the  size  of  protrusions  on  Si(100)  does  not 
change  significantly. 

2.  EXPERIMENTAL  DETAILS 

Because  the  formation  of  native  oxide  can  be 
suppressed  by  terminating  Si  surface  with  hydrogen 
atoms,[14,15]  atomically  flat  hydrogen-terminated 
Si  surfaces  (abbreviated  as  H-Si  surfaces  hereafter) 
were  used  as  initial  surfaces  before  the  oxidation. 
Here,  an  atomically  flat  H-Si(l  1 1)-1  X  1  surface  was 
obtained  by  the  treatment  16]  in  40%  NH4F  solution, 
while  an  atomically  flat  H-Si(100)-2X  1  surface  can 
be  obtained  by  the  surface  reconstruction]^  17]  of 
Si(100)  surface  annealed  at  high  temperature 
(>  1 1 00°C)  in  a  H2  atmosphere  at  1  bar. 

The  extremely  uniform  oxide  films  studied  in  the 
present  paper  were  prepared  as  follows.  In  order  to 
preserve  the  flatness  of  the  initial  Si  surface  during 
the  oxidation  at  high  temperature,  the  nearly  0.5  nm 
thick  preoxides  were  formed  at  300°C[18]  in  1-4 
Torr  diy  oxygen  by  oxidizing  atomically  flat 
hydrogen-terminated  Si(l  1 1 )- 1  X  1  and  Si(100)-2X  1 
surfaces  without  breaking  Si-H  bonds.  Through 
these  preoxides  the  oxidations  at  600-900°C  in  1 
Torr  dry  oxygen  were  performed.  In  order  to  form 
device-grade  oxide  the  effect  of  impurities  in  the 
oxidizing  atmosphere  on  the  oxidation  process  was 
minimized  by  forming  oxides  in  flowing  condition 
of  high-purity  oxygen  gas  with  a  pressure  of  1  Torr. 
The  amount  of  water  vapor  in  oxygen  gas  used  was 
below  37  ppb.  In  order  to  heat  Si  wafers  in  oxygen 
gas  under  high  pressure  and  at  high  temperature  Si 
wafers  were  only  heated  optically. 

Interface  structures  of  ultrathin  silicon  oxides 
were  studied  from  the  measurement  of  photoelectron 
spectra  excited  by  monochromatic  AIK  a  radiation 
with  an  acceptance  angle  of  3.3  degrees,  using 
ESCA-300  manufactured  by  Scienta  Instrument 
AB,[19]  while  surface  structures  of  ultrathin  silicon 
oxides  were  studied  from  the  observation  of 
noncontact-mode  atomic  force  microscope  (NC- 
AFM)  images  with  a  force  constant  of  39  N/m  and 
resonant  frequency  of  about  300  kHz,  and  a  single¬ 
crystalline  silicon  probe,  using  instrument 
manufactured  by  OMICRON  Vakuum  Physik 
GmbH. [20] 

The  interface  state  densities  were  measured  using 
the  method  developed  by  Lau  et  al.[21]  First,  an 


organic  molecules  of  2-propanol  were  absorbed  on 
oxide  film.  Second,  oxide  is  charged  by  electron 
beam  irradiation  with  electron  kinetic  energy  of  2  eV 
to  produce  voltage  drop  across  the  oxide  film. 
Third,  this  charging-induced  changes  in  electrical 
potentials  at  surface  and  interface,  which  are 
necessary  for  the  determination  of  interface  state 
densities,  were  obtained  from  the  measurements  of 
chemical  shifts  in  C  Is  level  of  organic  molecules 
and  Si  2p  core  level  of  Si  substrate.  The  organic 
molecules  were  decomposed  during  the  oxidation. 
Other  experimental  details  and  analytical  procedure 
of  Si  2p  photoelectron  spectra  were  described 
elsewhere. [22] 


3.  OXIDATION-INDUCED  SURFACE  ROUGH¬ 
NESS 

Recently,  it  was  found  that  the  surface  roughness 
changes  in  accordance  with  the  changes  in  interface 
structure. [13]  Figure  1  shows  non-contact  mode 
atomic  force  microscope  images  of  surface  of  oxides 
formed  on  Si(lll)  and  Si(100)  measured  over  an 
area  of  200  nm  X  200  nm  for  oxide  film 
thicknesses  of.  1.0  and  1.7  nm.  According  to  this 
figure  the  surface  morphologies  are  quite  different 
for  these  two  oxide  surfaces.  The  height 
distribution  on  the  surface  of  oxides  formed  on 
Si(lll)  and  Si(100)  are  shown  in  Figs.  2  and  3  and 
can  be  approximated  by  the  Gaussian  function.  As 
shown  in  these  figures,  full-width  at  half-maximum 
(FWHM)  of  this  Gaussian  function  is  about  two 
atomic  step  heights  on  Si(lll),  while  on  Si(100) 
FWHM  is  within  single  atomic  step  height  for  the 
thickness  smaller  than  the  thickness  of  structural 
transition  layer  and  increases  with  increasing 
thickness.  In  other  words,  FWHM  for  oxides 
formed  on  Si(100)  is  affected  strongly  by  the 
oxidation-induced  stress  near  the  interface. 

Figure  4  shows  averaged  values  of  root  mean 
square(rms)  surface  roughness  of  oxide  films 
formed  on  Si(lll)  and  Si(100),  respectively, 
measured  at  three  positions  on  the  oxide  surfaces, 
as  a  function  of  thickness.  Oscillations  in  surface 
roughness  appear  on  both  surfaces  and  can  be 
attributed  to  the  layer-by-layer  oxidation.  The 
oscillations  in  surface  roughness  observed  on 
Si(l  11)  can  be  correlated  with  the  periodic  changes 
in  the  amount  of  Si1+  as  shown  in  Fig.  4(a)  and  can 
be  explained  as  follows.  In  the  case  of  forming 
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Fig.  1  Non-contact  mode  atomic  force  microscope  images  of  surface  of  oxides  formed  on  (a)  Si(lll)  and  (b) 
Si(100)  for  two  thicknesses. 
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Fig.  2  Height  distributions  on  the  surface  of  oxides 
formed  on  Si(lll)  for  three  oxide  film  thicknesses 
and  FWHM  of  height  distribution  as  a  function  of 
oxide  film  thickness  are  shown. 


Fig.  3  Height  distributions  on  the  surface  of 
oxides  formed  on  Si(100)  for  three  oxide  film 
thicknesses  and  FWHM  of  height  distribution  as  a 
function  of  oxide  film  thickness  are  shown. 


Si1+  the  insertion  of  an  oxygen  atom  between  two  Si 
atoms  consisting  of  a  Si-Si  bond  oriented  along  the 
<11 1>  direction  at  the  interface  expands  the  oxide 
network  only  along  the  <11 1>  direction,  while  in 
the  case  of  forming  Si3+  the  insertion  of  an  oxygen 
atom  between  two  Si  atoms  at  the  interface  expands 
the  oxide  network  mostly  along  the  direction 
perpendicular  to  <1 1 1>  .  Therefore,  the  formation 
of  Si,+  at  the  interface  results  in  the  increase  in 
surface  roughness  caused  by  the  formation  of 
protrusions  on  the  oxide  surface. 


4.  INTERFACE  STATES  CORRELATED 

WITH  INTERFACE  STRUCTURES 

Figure  5  shows  the  changes  in  interface  structures 
with  progress  of  oxidation  of  Si(lll),  while  Fig.  6 
shows  the  changes  in  interface  state  distribution  in 
Si  bandgap  with  oxide  film  thickness  as  a 
parameter. [23]  According  to  these  figures,  if  the 
amount  of  Si,+  takes  its  maximum  value,  the  drastic 
decrease  in  interface  state  densities  near  the  midgap 
of  silicon  appear.  This  drastic  decrease  in  interface 
state  densities  appears  periodically  in  accordance 
with  periodic  changes  in  interface  structures.  As 
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Fig.  4  Surface  roughness  for  oxide  films  formed  on  (a)  Si(l  1 1)  and  (b)  Si(100)  as  a  function  of  thickness. 
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Fig.  5  Changes  in  interface  structures  with 
progress  of  oxidation  of  Si(lll):  upper  part 
shows  the  dependence  of  normalized  spectral 
intensity  of  Si4+  and  normalized  total  intensities 
for  all  intermediate  oxidation  states  on  the  oxide 
film  thickness,  while  lower  part  shows  the 
dependence  of  areal  densities  of  Si1+,  Si2+  and 
Si3+  on  the  thickness. 

described  in  section  3  the  bond  breaking  probability 
of  Si3+-Si  bond  must  be  the  largest  at  the  thickness 
where  the  amount  of  Si3+  takes  its  maximum  value, 
while  that  must  be  the  smallest  at  the  thickness 
where  the  amount  of  Si3+is  takes  its  minimum  value. 


Fig.  6  Changes  in  interface  state  distribution  in 
silicon  bandgap  with  oxide  film  thickness  as  a 
parameter. 


The  difference  in  dangling  bond  densities  for  these 
two  thicknesses  can  be  the  possible  origin  for  the 
difference  in  the  interface  state  densities  near  the 
midgap  of  silicon  for  two  thicknesses. 

Figure  7  shows  the  changes  in  interface  structures 
with  progress  of  oxidation  of  Si(lll),  while  Fig.  8 
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Oxide  Film  Thickness  [nm] 

Fig.  7  Changes  in  interface  structures  with 
progress  of  oxidation  of  Si(100):  upper  part 
shows  the  dependence  of  normalized  spectral 
intensity  of  Si4+  and  normalized  total  intensities 
for  all  intermediate  oxidation  states  on  the  oxide 
film  thickness,  while  lower  part  shows  the 
dependence  of  areal  densities  of  Si1+,  Si2+  and 
Si3+  on  the  thickness. 


shows  interface  state  densities  at  and  near  the 
midgap  of  Si  with  oxide  film  thickness  as  a 
parameter  for  oxide  films  formed  on  Si(100) 
surface.[24]  There  is  no  clear  correlation  between 
interface  structures  and  interface  state  distribution. 
However,  there  is  a  close  correlation  between 
atomic-scale  surface  roughness  and  interface  state 
distribution  in  silicon  bandgap.  Namely,  for  oxide 
film  thicknesses  of  1.65  and  1.83  nm,  where  the  rms 
roughness  takes  its  maximum  value,  the  interface 
state  densities  at  and  near  the  midgap  are  almost 
equal  to  1  X  1013  cm’VV'1,  while  for  oxide  film 
thicknesses  of  1.54  and  1.73  nm,  where  the  rms 
roughness  takes  its  minimum  value,  the  interface 
state  density  near  the  midgap  decreases  drastically 
down  to  5X1012  cm'VV'1.  Therefore,  the  drastic 
decrease  in  interface  state  density  near  the  midgap 
appears  periodically  with  progress  of  oxidation  and 
is  closely  correlated  with  the  atomic-scale 
smoothness  of  oxide  surface,  which  must  reflect  the 
atomic-scale  smoothness  of  the  interface.  However, 
the  size  of  atomically  smooth  interface  must  be  on 


VBM  MIDGAP  CBM 


Energy  (eV) 

Fig.  8  Changes  in  interface  state  distribution  in 
Si  bandgap  with  oxide  film  thickness  as  a 
parameter. 


the  order  of  5  nm  deduced  from  the  atomic  force 
microscope  images  in  Fig.  1(b).  Therefore,  the 
atomic  step  at  the  interface  must  be  the  structural 
origin  of  the  interface  states.  This  result  is 
contrasted  with  the  observation  for  oxide  films 
formed  on  Si(lll)  surface  that  the  increase  in 
surface  roughness  results  in  the  decrease  in  interface 
state  density  in  the  middle  of  silicon  bandgap. 


5.  Ols  PHOTOELECTRON  ENERGY  LOSS  IN 

STRUCTURAL  TRANSITION  LAYER 

Figure  9  shows  Ols  photoelectron  energy  loss 
spectra  normalized  by  the  total  number  of  elastically 
scattered  and  non-scattered  Ols  photoelectrons  with 
oxide  film  thickness  as  a  parameter  and  spectra 
expanded  by  1 5  times. [25]  According  to  this  figure 
the  energy  loss  arising  from  bandgap  ionization  in 
bulk  Si02  starts  to  appear  above  the  thickness  of  1 
nm. [26,27]  In  Fig.  10  the  numbers  of  inelastically 
scattered  Ols  photoelectrons  normalized  by  the  total 
numbers  of  elastically  scattered  and  non-scattered 
Ols  photoelectrons  is  shown  as  a  function  of  the 
suboxide  spectral  intensity  normalized  by  the  oxide 
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Fig.  9  Ols  photoelectron  energy  loss  spectra 
normalized  by  total  numbers  of  elastically  scattered 
and  non-scattered  photoelectrons  with  oxide  film 
thickness  as  a  parameter. 


•  experimental  —  calculated 
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ISiOx  /  (  ISiOx  +  ISi02  ) 

Fig.  10  Numbers  of  inelastically  scattered  Ols 
photoelectrons  normalized  by  the  total  numbers 
of  elastically  scattered  and  non-scattered 
photoelectrons  as  a  function  of  the  suboxide 
spectral  intensity  normalized  by  the  oxide 
spectral  intensity  for  the  loss  energy  in  the  range 
from  6  to  7  eV. 


Fig.  11  Ols  photoelectron  energy  loss  spectra 
in  compositional  and  structural  transition  layers 
and  those  in  bulk  Si02  for  oxides  formed  on 
Si(100)  and  Si(lll). 

spectral  intensity  for  three  loss  energy  ranges. 
Sublinear  dependence  is  obtained  for  these  loss 
energy  ranges.  If  the  energy  loss  occurs  only  in  the 
compositional  transition  layer  at  the  interface,  a  line 
almost  close  to  the  straight  line  is  obtained.  If  the 
energy  loss  arises  not  only  from  the  compositional 
transition  layer  but  also  from  the  structural  transition 
layer,  sublinear  curve  is  obtained.  Therefore,  the 
experimental  results  can  be  explained  by  considering 
the  energy  loss  in  compositional  and  structural 
transition  layers.  From  these  analyses  the  energy 
loss  spectra  in  compositional  and  structural 
transition  layer  and  the  energy  loss  spectrum  in  bulk 
silicon  dioxide  shown  in  Fig.  11  were  obtained  for 
oxides  formed  on  Si(100)  and  Si(l  11). [25,28] 
According  to  this  figure,  the  energy  loss  mostly 
arises  from  compositional  transition  layer  and  the 
energy  loss  spectra  for  structural  transition  layer  is 
essentially  different  from  that  in  bulk  silicon 
dioxide. 


6.  ELASTIC  SCATTERING  OF  Si  2p  PHOTO¬ 
ELECTRONS  IN  SILICON  OXIDES 

Figure  12  shows  the  photoelectron  diffraction 
pattern,  that  is,  the  dependence  of  Si  2p 
photoelectron  spectral  intensity  arising  from  Si 
substrate  on  photoelectron  take-off  angles  with  oxide 
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Fig.  12  Dependence  of  Si  2p  photoelectron 
spectral  intensity  arising  from  silicon  substrate  on 
photoelectron  take-off  angles  with  oxide  film 
thickness  as  a  parameter. 

film  thickness  as  a  parameter,  which  results  from  the 
interference  between  the  primary  photoelectron 
wave  and  elastically  scattered  photoelectron  wave  in 
single  crystalline  silicon. [29]  The  oxidation- 
produced  attenuation  of  photoelectron  diffraction 
pattern  can  be  simulated  by  considering  elastic  and 
inelastic  scattering  of  Si  2p  photoelectrons  in  silicon 
oxides.  In  the  simulation  the  Monte  Carlo 
calculation  of  path  of  elastically  and  inelastically 
scattered  Si  2p  photoelectrons  were  performed  by 
considering  the  following:  1)  the  structure  of 
hydrogen-terminated  silicon  surface  does  not  change 
by  the  oxidation,  2)  a  reported  value  of  electron 
escape  depth  in  Si, [30]  3)  all  inelastic  scattering  of 
Si  2p  photoelectrons  in  silicon  oxide,  4)  anisotropic 
elastic  scattering  based  on  Wentzel  model  for  atomic 
potential.  It  was  found  from  this  simulation  that 
the  elastic  and  inelastic  scattering  cross-sections  in 
silicon  oxides  are  1.4X  10'20  m2  and  1.5  X  10-20  m2, 
respectively.  According  to  Fig.  12,  the  oxide  film 
thickness  of  1 .4  nm  is  not  thin  enough  to  neglect  the 
effect  of  elastic  scattering  of  Si  2p  photoelectrons  in 
silicon  oxides  on  the  photoelectron  diffraction.  It 
should  be  noted  that  the  concept  of  electron  escape 
depth  can  be  used  only  for  special  angles  where  the 
effect  of  elastic  scattering  can  be  neglected 
effectively  as  can  be  seen  in  Fig.  12.  Other 


experimental  details  were  described  elsewhere. [29] 


7.  SUMMARY 

The  surface  roughness  and  interface  state 
distribution  in  silicon  bandgap  measured  for  oxide 
films  formed  on  Si(lll)  and  Si(100)  exhibit  periodic 
changes  with  progress  of  oxidation  and  can  be 
correlated  with  layer-by-layer  oxidation.  It  is 
found  from  the  measurement  of  Ols  energy  loss 
spectra  that  the  defect  structure  in  structural 
transition  layer  must  be  quite  different  from  that  in 
bulk  silicon  dioxide  layer,  although  the  structural 
transition  layer  exhibits  almost  the  same  Si  2p 
photoelectron  spectra  as  those  measured  for  silicon 
dioxide.  Elastic  and  inelastic  scattering  cross- 
sections  of  Si  2p  photoelectrons  in  silicon  oxides 
were  determined  to  be  1.4  X  10~20  m2  and  1.5  X  10_2° 
m2,  respectively. 
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In  spite  of  its  many  attributes  such  as  nativity  to  silicon,  low  interfacial  defect  density,  high 
melting  point,  large  energy  gap,  high  resistivity,  and  good  dielectric  strength,  Si02  suffers  from  one 
disadvantage,  low  dielectric  constant  (K=3.9).  Thus,  ultrathin  Si02  gate  dielectric  layers  are  required 
to  generate  the  high  capacitance  and  drive  current  required  of  sub-50  nm  transistors.  The  silicon 
industry  roadmap  dictates  4  nm  Si02  gate  dielectrics  for  0.25  pm  technology  today,  and  calls  for  <1 
nm  equivalent  Si02  thickness  for  0.05  pm  technology  in  2012.  Si02  layers  in  this  thickness  range  may 
suffer  from  boron  penetration,  reduced  drive  current,  reliability  degradation,  and  high  gate  leakage 
current.  We  will  argue  that  none  of  these  problems  are  limitations  for  thicknesses  greater  than  about 
1.3  nm.  Below  that  thickness,  the  fundamental  problems  of  high  tunneling  current  and  reduced 
current  drive  will  prevent  further  scaling,  unless  alternate  gate  dielectrics  are  introduced. 


1.  INTRODUCTION 

The  continuous  scaling  of  integrated 
silicon  microelectronic  devices  has  required  a 
continuous  decrease  in  the  thickness  of  the  SiOz 
gate  dielectric  [1],  as  is  shown  in  Fig.  1.  As  the 
Si02  gate  dielectric  becomes  thinner,  the 
Si/SiOz  and  Si02/ gate  interfacial  regions  play  a 
more  influential  role  in  the  properties  of  the 
device.  A  1.3  nm  Si02  layer  contains  about  five 
silicon  atom  layers,  at  least  two  of  which  reside 
at  the  interfaces.  Transistors  with  gate  lengths 
smaller  than  50  nm  have  already  been 
produced,  Fig.  2,  utilizing  Si02  gate  dielectrics 
as  thin  as  1.0  nm  [2]. 

Nature  has  endowed  the  silicon 
microelectronics  industry  with  a  wonderful 
material,  SiOz.  It  is  native  to  silicon,  and  forms 
a  low  defect  density  interface.  It  also  has  a  high 
melting  point  (1713°C),  large  energy  gap 
(9  eV),  high  resistivity  (>  1015  Q-cm),  and  very 
good  dielectric  strength  (107  V/cm).  However, 


Technology  Generation  (nm) 


Figure  1 .  Decrease  in  Si02  gate  dielectric 
thickness  with  scaling  of  silicon  device 
dimensions. 
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Figure  2.  Cross-section  transmission  electron 
photomicrographs  of  a  35  nm  transistor,  and  a 
detailed  view  of  the  1 .0  nm  Si02  gate  dielectric. 


Si02  suffers  from  one  disadvantage,  a  low 
dielectric  constant  (K=3.9).  Since  high  gate 
dielectric  capacitance  is  necessary  to  produce 
the  required  drive  currents  for  sub-50  nm 
devices,  the  Si02  layers  must  be  ultrathin.  This 
gives  rise  to  a  number  of  problems,  including 
the  need  to  grow  ultrathin  and  uniform  Si02 
layers,  boron  penetration  [3],  reduced  drive 
current  [4],  reliability  degradation  [5],  and  high 
gate  leakage  current  [2].  In  this  paper,  we  will 
address  these  issues  as  a  function  of  decreasing 
oxide  thickness,  and  attempt  to  understand  the 
critical  limits  on  oxide  performance  imposed 
by  the  thickness  decreases.  We  will  come  to  the 
conclusion  that  all  of  these  problems  can  be 
overcome  as  long  as  the  Si02  thickness  is 
greater  than  about  1.3  nm.  Below  that 
thickness,  excessively  high  leakage  current  and 
reduced  drive  current  become  fundamental 
limitations  to  further  scaling. 

Of  course,  one  solution  to  the  scaling 
limitation  is  the  use  of  alternate,  higher 
dielectric  constant  (K)  gate  dielectrics,  and 
much  research  is  currently  underway  in  this 
field  [6].  None  of  this  work  will  be  covered 
here.  The  introduction  of  alternate  gate 
dielectrics  will  not  be  simple,  since  Si02  has 
only  one  disadvantage,  low  K,  and  most 
alternate  gate  dielectrics  have  only  one 
advantage,  high  K. 


2.  ISSUES  POTENTIALLY  LIMITING  THE 
USE  OF  ULTRATHIN  Si02  LAYERS 

2.1.  Ultrathin  and  uniform  film  growth 

The  silicon  industry  roadmap  [1] 
dictates  4  nm  Si02  gate  dielectrics  for  0.25  pm 
technology  today,  and  calls  for  <1  nm 
equivalent  Si02  thickness  for  0.05  pm 
technology  in  2012.  Si02  layers  in  this  thickness 
range  can  be  grown  by  either  furnace  or  rapid 
thermal  oxidation  (RTO)  techniques.  Due  to 
their  large  thermal  mass,  furnaces  must  be 
operated  at  either  low  temperature  (600-800°C) 
or  low  pressure  (1-100  Torr)  to  achieve 
thickness  control.  On  the  other  hand,  since 
RTO  systems  can  visit  high  temperatures  for 
short  periods  of  time,  growth  can  occur  at  high 
temperatures  (900-1 100°C),  which  may  be 
preferable.  Fig.  3  depicts  a  state-of-the-art  RTO 
cluster  tool  for  thin  oxide  growth.  A  further 
advantage  of  single  wafer  RTO  processing  is 
the  integration  of  the  clean  before  oxidation, 
and  the  polysilicon  gate  deposition  after 
oxidation.  In  particular  the  in-situ  vapor  phase 
clean  has  been  used  to  great  advantage  in 
preparing  ultrasmooth  and  clean  Si  surfaces, 
which  results  in  enhanced  device  performance 
[2,4,7]. 


Integrated  (Cluster-Tool) 
Gate  Dielectric  Processing 


Inf  |out 


Figure  3.  Schematic  depiction  of  an  integrated 
cluster  tool  for  clean/gate  dielectric/polysilicon 
processing. 
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Fig.  4  is  a  plot  of  RTO  oxide  thickness 
as  a  function  of  oxidation  pressure,  at  1000°C, 
demonstrating  the  ability  to  grow  1.0  nm 
oxides.  Excellent  film  thickness  uniformity 
(3a  <  4%)  has  been  achieved  on  200  mm  wafers 
by  both  furnace  and  RTO  techniques. 


Oxidation  Pressure,  Torr 

Figure  4.  Oxide  thickness  as  a  function  of  growth 
pressure  for  RTO  oxides  grown  at  1000°C. 


Percent  02  in  NO  -  02  Mixture 

Figure  5.  Nitrogen  content  of  oxynitrides  grown  in 
02-N0  mixtures  by  RTO  at  1000°C. 

2.2  Boron  penetration 

It  is  well  known  that  boron  diffuses 
easily  through  Si02,  and  can  cause  threshold 
voltage  shifts  when  present  in  the  channel 


region  [8].  Careful  control  of  thermal  budget 
can  prevent  boron  from  diffusing  significantly 

[2] .  However,  even  if  it  only  diffuses  into  the 
gate  dielectric,  boron  may  degrade  oxide 
reliability.  Nitrogen  doping  of  the  SiOz  may  be 
necessary  to  stop  boron  from  diffusing  out  of 
the  gate  polysilicon.  In  this  respect,  it  is  easy  to 
incorporate  significant  amounts  of  nitrogen 
into  ultrathin  Si02  by  RTO  in  OrNO  mixtures, 
as  is  shown  in  Fig.  5.  It  can  be  seen  that  up  to 
1.2xl015  N/cm2  (the  equivalent  of  about  two 
monolayers)  can  be  incorporated  into  2.0  nm 
SiOz  films.  This  is  enough  nitrogen  to  prevent 
boron  penetration  for  typical  thermal  budgets 

[3] . 

2.3  Reduced  drive  current 

Reduced  drive  current  has  been 
reported  in  small  transistors  with  ultrathin  gate 

E  E  EE 


c  c  c  . 

ON  rn  NO  tOX 


GATE  CURRENT  (A/|dm2) 


Figure  6.  DC  transistor  performance  (drain 
current)  as  a  function  of  gate  leakage  current,  for 
various  ultrathin  gate  dielectric  thicknesses 
(typical  values  indicated  on  top). 

dielectrics  [4].  Fig.  6  shows  that  as  gate  leakage 
current  increases  (as  is  expected  for  decreasing 
Si02  thickness),  drive  current  does  not  increase, 
but  rather  decreases  slightly.  Thus,  for  Si02 
layers  thinner  than  about  1.3  nm,  there  is  no 
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advantage  in  performance  (drive  current)  for 
incurring  the  burden  of  an  ever-increasing  gate 
leakage  current.  This  would  suggest  that  Si02 
layers  thinner  than  1.3  nm  no  longer  deliver 
any  performance  advantage. 

The  cause  of  the  decreased  drive 
current  is  not  well  understood  now.  One 
possibility  is  an  additional  scattering 
component  from  the  upper  (Si02/polysilicon 
gate)  interface.  Alternatively,  it  could  be  a 
universal  mobility  curve  effect,  i.e.,  lowered 
mobility  due  to  enhanced  scattering  because  of 
extreme  carrier  confinement  in  the  inversion 
layer  of  the  ultrathin  oxide. 

2.4  Gate  oxide  reliability 

Recently,  an  analysis  of  Si02  reliability 
data  came  to  the  conclusion  that  films  thinner 
than  about  2.2  nm  would  not  have  the 
reliability  required  by  the  industry  roadmap 
[5].  Therefore,  it  was  predicted  that  scaling 
might  stop  at  that  point.  Our  recent  data,  co¬ 
plotted  with  the  aforementioned  data  in  Fig.  7, 
indicates  that  for  at  least  one  oxide  thickness, 
2.8  nm,  higher  reliability  is  possible.  If  future 


Figure  7.  Oxide  reliability  prediction,  adapted 
from  [5].  Note  our  data  point  that  indicates  higher 
than  predicted  reliability  for  a  2.8  nm  Si02  film. 

results  on  our  thinner  oxides  show  the  same 
trend,  then  Si02  might  be  reliable  to 


thicknesses  of  about  1.5  nm.  We  attribute  the 
higher  predicted  reliability  of  our  SiOz  film  to  a 
larger  Weibull  slope  due  to  enhanced  film 
uniformity,  and  to  higher  film  quality  as 
evidenced  by  longer  time  to  breakdown. 


Figure  8.  Qbd  of  various  02  and  02-N0  films,  all 
2.0  nm  thick,  grown  at  1000°C  by  RTO. 

We  have  also  observed  that  reliability 
can  be  improved  through  the  incorporation  of 
nitrogen  into  thin  Si02.  Fig.  8  shows  that  up  to 
a  one  hundred-fold  increase  in  QM  is  possible 
in  2.0  nm  oxynitrides  grown  in  02-N0 
mixtures,  as  opposed  to  pure  02. 

2.5  Gate  leakage  current 

We  have  extensively  studied  the  extent 
to  which  gate  leakage  current  can  be  controlled 
by  processing  parameters  such  as  starting 
wafer  roughness  and  pre-oxidation  cleaning. 
Atomic  force  microscopy  (AFM)  [7]  and 
scanning  tunneling  microscopy  (STM)  [9]  were 
extensively  used  to  characterize  wafer  surfaces 
and  interfaces.  Typical  starting  wafers  had 
RMS  roughness  of  0.05  nm  measured  by  AFM, 
and  0.12  nm  measured  by  STM.  STM  is  more 
sensitive  than  AFM  because  it  measures  both 
mechanical  and  electrical  roughness,  whereas 
AFM  only  measures  the  former. 
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l.Onm  RTP  Oxide 


Figure  9.  Tunneling  current  as  a  function  of 
distance  between  probe  tip  and  wafer  surface,  for 
smooth  (UV-C12  cleaned)  and  rough 
(NH40H:H202  cleaned)  wafers. 

A  variety  of  cleans  were  used  to  study 
the  effects  of  cleaning  on  surface  roughness. 
Fig.  9  is  a  plot  of  tunneling  current  as  a 
function  of  distance  between  the  STM  tip  and 
the  surface  of  the  wafer.  The  slope  of  the  data 
is  proportional  to  the  effective  tunneling 
barrier  height.  It  can  be  seen  that  the  smoother 
surface,  produced  by  a  UV-C^  vapor  phase 
clean,  has  a  much  higher  barrier  for  tunneling 
than  does  the  rougher  surface  produced  by  the 
NH40H/H202  wet  clean.  Thus,  the  smoothest 
surface  is  required  for  the  best  tunneling 
behavior,  and  therefore  the  lowest  gate  leakage 
current. 

Taking  all  of  the  proper  processing 
precautions  into  account,  sub-50  nm  transistors 
were  produced,  and  their  gate  leakage  currents 
measured,  as  is  shown  in  Fig.  10.  The  leakage 
current  is  seen  to  increase  exponentially  with 
decreasing  thickness,  as  expected.  These 
leakage  currents  represent  state-of-the-art 
values.  Assuming  a  maximum  allowable  gate 
current  density  of  1  A/cm2  for  desktop 
applications,  and  10'3  A/cm2  for  portable 


Figure  10.  Gate  leakage  current  as  a  function  of 
oxide  thickness  for  35  nm  transistor  structures. 


applications,  minimum  acceptable  Si02 
thicknesses  would  be  1.3  and  1.9  nm, 
respectively. 

Recently,  electron  energy  loss 
spectroscopy  (EELS)  in  a  scanning 
transmission  electron  microscope  (STEM)  was 
carried  out  on  ultrathin  Si02/Si  interfaces  [10]. 
Oxygen  profiles  across  the  interface  were 
obtained,  and  are  shown  in  Fig.  11  for  Si02 
films  of  1.0  and  1.8  nm  thickness.  Based  on  this 
analysis,  it  has  been  calculated  that  the 
minimum  oxide  thickness,  before  leakage 
current  becomes  overwhelming,  is  1.2  nm.  This 
comes  from  the  fact  that  a  satisfactory  Si02 
tunnel  barrier  is  formed  when  it  is  equal  in 
thickness  to  six  times  the  decay  length  of  the 
interfacial  states,  about  0.7  nm,  plus  0.5  nm 
contribution  from  interfacial  roughness. 

3.  CONCLUSIONS 

We  have  systematically  examined  the 
repercussions  of  decreasing  Si02  gate  dielectric 
thickness  on  several  physical  and  electrical 
parameters:  ultrathin  and  uniform  film  growth, 
boron  penetration,  reduced  drive  current,  gate 
oxide  reliability  and  gate  leakage  current. 
CMOS  applications  of  Si02  or  Si-O-N  gate 
dielectrics  are  neither  limited  by  the  ability  to 
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Figure  1 1 .  Oxygen  bonding  profiles  measured  by 
EELS.  The  Si  substrate  is  on  the  left,  and  the  gate 
polycrystalline  silicon  is  on  the  right,  a)  1.0  nm 
(ellipsometric)  oxide,  annealed  1050°C/10  sec. 
The  bulk-like  O  signal  yields  a  FWHM  of  0.85 
nm,  whereas  the  total  O  signal  yields  a  FWHM  of 
1 .3  nm.  The  overlap  of  the  two  interfacial  regions 
is  correlated  with  a  very  high  gate  leakage  current, 
102  A/cm2,  b)  a  thicker  (1.8  nm  ellipsometric) 
oxide,  also  annealed.  The  interfacial  regions  no 
longer  overlap,  and  the  gate  leakage  current  is  10'2 
A/cm2. 

grow  the  films  commercially,  nor  to  suppress 
the  diffusion  of  boron.  Reliability  of  Si02  gate 
dielectrics  will  probably  be  acceptable  to 
thicknesses  of  1.5  nm,  and  can  be  enhanced  by 
nitrogen  incorporation.  The  fundamental  limits 
imposed  on  Si02  are  reduced  drive  current  and 
excessively  high  gate  leakage  current.  Both  of 
these  parameters  impose  a  limit  of  1.2-1. 3  nm 
as  the  thinnest  Si02  acceptable.  With  potential 


improvements  in  interfacial  roughness,  the 
leakage  limit  may  be  pushed  to  about  1.0  nm. 

In  any  event,  technology  generations 
that  require  <1.0  nm  equivalent  Si02  thickness 
will  have  to  rely  on  alternate,  high  K  gate 
dielectrics.  This  transition  will  not  be  simple  to 
implement,  because  Si02  is  the  reason  that 
silicon  technology  has  been  so  successfully 
integrated  thus  far.  Si02  has  only  one 
disadvantage  (low  K),  and  most  alternate  gate 
dielectrics  have  only  one  advantage,  (high  K). 
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In  this  paper  we  report  experiments  and  simulations  on  thin  oxide  (1.5-3  nm)  MOS  devices,  showing  that 
native  traps  can  play  a  dominant  role  in  the  tunneling  characteristics  of  such  oxides.  The  number  of  traps,  and 
thus  their  role  on  the  tunneling  current,  can  be  minimized  by  careful  and  simple  processing:  in  this  case  traps 
affect  the  tunneling  current  in  relatively  thick  oxides  while  their  role  vanishes  at  oxide  thicknesses  of  2  nm  and 
below. 


1.  INTRODUCTION 

MOS  devices  with  gate  oxide  thicknesses  below 
2  nm  have  been  recently  fabricated  [1,2],  where 
a  significant  gate  tunneling  current  is  present  at 
normal  operating  conditions.  As  a  consequence 
the  gate  current  impact  on  device  performance 
and  stand-by  power  consumption  can  no  longer 
be  neglected  [3]  and  its  magnitude  may  repre¬ 
sent  one  of  the  most  critical  parameters  for  future 
MOS  technologies  [4].  Thus,  for  ultra-thin  oxide 
devices  to  be  feasible,  it  is  important  to  mini¬ 
mize  the  gate  leakage  current  for  a  given  oxide 
thickness,  and  to  characterize  the  different  con¬ 
tributions  to  the  tunneling  current. 

2.  SIMULATION  MODEL 

The  simulation  model  used  in  this  work  [5] 
includes  the  self-consistent  calculation  of  Pois¬ 
son  and  Schrodinger  equations  [6]  and  it  is  used 
for  both  the  determination  of  the  physical  oxide 
thickness  ( tox)>  by  fitting  the  CV  curves,  and  the 
calculation  of  the  tunneling  current  from  bound 
and  free  electron  states.  The  model  computes 
both  the  ” unassisted”,  i.e.  direct  component 
(DT),  and  the  "trap-assisted”  component  (TAT) 
of  the  tunneling  current.  TAT  is  modeled  accord¬ 
ing  to  a  two-step  model  [7].  For  a  known  struc¬ 


ture,  i.e.  a  given  potential  profile,  DT  computa¬ 
tion  depends  only  on  the  oxide  effective  mass  and 
barrier  height.  Since  there  is  a  substantial  agree¬ 
ment  in  the  literature  on  the  numerical  values  of 
these  quantities,  (respectively  mox  =  0.5mo  and 
=  3.1eV),  the  DT  calculation  does  not  rely 
on  device  dependent  parameters.  TAT  calcula¬ 
tion,  instead,  depends  on  the  product  between  the 
trap  capture  cross  section  a  and  the  trap  density 
distribution  Ntr(E1  x). 

3.  NATIVE  TRAPS 

Figs.  1,  2  report  the  CV  and  IV  character¬ 
istics  of  two  virgin  N-MOS  capacitors  (labeled 
DEVA  and  DEVB),  respectively.  They  were 
fabricated  over  two  different  but  equally  lightly 
doped  (1015cm-3)  p-type  epitaxial  silicon  wafers. 
DEVA  oxide  was  grown  by  RTO  at  900° C  on  a 
wafer  with  initial  AFM  roughness  of  0.0883nm 
RMS,  while  DEVB  oxide  was  grown  by  RTO  at 
1000°C  on  a  wafer  with  initial  AFM  roughness  of 
0.117nra  RMS  followed  by  a  30s  anneal  in  N2  at 
930°C.  Then  a  1000 A  thick  amorphous  polysil¬ 
icon  layer  was  deposited.  It  was  implanted  with 
3x  1015cm-2  arsenic  dose  at  2bkeV  and  activated 
at  1050°C  for  5s.  Finally  the  wafers  were  metal¬ 
lized  depositing  aluminum  and  patterned  using 
only  a  single  level  lithography. 
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Figure  1.  Measured  (symbols)  and  simulated  (line)  low 
frequency  capacitance  as  a  function  of  the  gate  voltage  for 
two  N-MOS  capacitors  (labeled  DEVA  and  DEVB).  Oxi¬ 
de  thickness  extracted  by  fitting  CV  measurements  using 
quantum  mechanical  simulations  is  tox  =  4.25 nm. 


Figure  2.  Measured  (symbols)  and  simulated  (lines)  tun¬ 
neling  IV  characteristics  of  the  same  devices  of  Fig.  1. 
Solid  line:  DT  simulations;  dashed  line:  DT  simulations 
with  surface  roughness  (SR).  The  extra  current  with  re¬ 
spect  to  the  DT  component  is  due  to  native  traps. 


DEVA  and  DEVB  exhibit  the  same  CV  charac¬ 
teristics  (Fig.  1),  the  same  tunneling  current  for 
high  enough  voltage,  but  their  IV  characteristics 
differ  in  the  low  voltage  regime  (Fig.  2).  In  addi¬ 
tion,  DT  simulations  featuring  the  tox  extracted 
by  fitting  CV  data  with  quantum  mechanical  sim¬ 
ulations  (solid  line)  well  reproduce  experiments  at 
high  voltage,  while  experiments  feature  a  larger 
current  and  a  smaller  slope  with  respect  to  DT 
simulations  at  low  voltage. 

Among  the  possible  explanations  of  these  dis¬ 
crepancies  our  data  allow  us  to  rule  out  the 
following  possibilities:  a)  incorrect  tOX)  because 
the  two  devices  have  the  same  CV,  hence  the 


same  tox  \  b)  surface  roughness  (SR),  because,  al¬ 
though  simulation  accounting  for  SR  feature  a 
slightly  larger  current  at  low  voltage  (dashed  line 
in  Fig.  2),  the  simulated  current  is  still  lower  than 
experimental  data.  Therefore  we  conclude  that 
the  difference  between  the  experimental  gate  cur¬ 
rent  of  the  two  devices  and  the  theoretical  limit 
of  DT  in  the  low  voltage  regime  is  due  to  an 
additional  tunneling  current  component  assisted 
by  native  (intrinsic)  traps,  present  in  a  different 
amount  and/or  distribution  in  the  two  devices. 


Figure  3.  Measurements  (symbols)  and  simulations  in¬ 
cluding  native  trap  assisted  tunneling  (lines)  of  the  tun¬ 
neling  IV  characteristics  of  the  same  devices  of  Figs.  1,  2. 
Different  native  trap  distributions  are  needed  for  the  two 
devices. 

Fig.  3  shows  the  results  of  simulations  per¬ 
formed  including  TAT  component.  Here  the  trap 
distribution  is  used  as  fitting  parameter,  while, 
for  the  sake  of  simplicity,  a  is  kept  constant  at 
10“  16cm~ 2 .  Lacking  reliable  data  on  the  oxide 
trap  distribution  we  assumed  a  distribution  con¬ 
stant  in  space  and  variable  in  energy  (JV*r (!£)). 
Fig.  4  reports  the  trap  distributions  adopted  for 
the  simulations  in  Fig.  3.  Notice  that  the  falling 
edge  of  DEVB’s  Ntr  allows  us  to  fit  the  smoother 
slope  featured  by  the  IV  measurements  of  this 
device.  However,  because  of  the  limited  amount 
of  data  available,  we  cannot  exclude  that  others 
NtT{E ,  x)  may  fit  the  data  as  well. 

4.  OXIDE  THICKNESS  DEPENDENCE 

To  better  understand  the  role  of  the  native 
traps,  we  have  investigated  different  (1.5-3  nm) 
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Figure  4.  Energy  trap  profile  adopted  for  the  simulation 
of  Fig.  3.  The  energy  is  measured  downward  from  the 
oxide  conduction  band  edge  (Eca *)• 


oxide  thickness  large  area  (200  x  200 fim)  N-MOS 
capacitor  devices  (CAP),  subjected  to  a  sim¬ 
ple  and  careful  process.  The  epitaxial  substrate 
was  either  left  lightly  doped  (1015cm-3),  or  im¬ 
planted  with  1013cm-2  boron  dose  at  1 6/seV,  re¬ 
sulting  in  a  peak  substrate  doping  concentration 
of  1.07  x  1018cra~3.  Different  thickness  oxides 
were  subsequently  grown  by  RTO  at  1000° C  in 
pure  oxygen.  Then,  a  200nm  thick  amorphous 
polysilicon  layer  was  deposited.  The  polysilicon 
layer  was  implanted  with  5  x  1015cm“2  arsenic 
dose  at  60keV  and  annealed  at  1050°C  for  5s. 
Finally  the  wafers  were  metallized  depositing  alu¬ 
minum  and  patterned  using  only  a  single  level 
lithography. 
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Figure  5.  Measured  (symbols)  and  simulated  (line)  low 
frequency  capacitance  (left)  and  gate  tunneling  current 
(right)  for  a  CAP  device.  Oxide  thickness  extracted  by 
fitting  CV  measurements  using  quantum  mechanical  sim¬ 
ulations  is  t0x  =  6.25nm. 


Fig.  5  reports  the  CV  and  IV  characteristics  of 
a  CAP  device  with  tox  —  6.25nm.  In  this  case, 
DT  simulations  featuring  the  tox  extracted  by  fit¬ 
ting  CV  data  with  quantum  mechanical  simula¬ 
tions  (solid  line)  is  very  close  to  the  experimental 
data,  showing  that  the  TAT  component  is  not 
relevant  in  this  case.  This  observation  can  be  ex¬ 
plained  by  the  fact  that,  in  such  thick  oxide,  TAT 
is  below  the  noise  level  of  our  setup  or  by  the  re¬ 
duced  number  of  traps  due  to  a  larger  distance 
from  the  oxide/silicon  interface. 


Figure  6.  Measured  high-frequency  (HF)  and  quasi¬ 
static  (QS)  and  simulated  (lines)  capacitance  for  CAP  de¬ 
vices  with  tox  =  3nm  and  with  high  (closed  symbols)  and 
low  (open  symbols)  doped  substrate.  QS  measurements 
become  inaccurate  at  high  voltage  because  the  large  leak¬ 
age  current  overcomes  the  precision  limits  of  our  setup. 


Figure  7.  Measured  (symbols)  and  simulated  (lines)  gate 
tunneling  current  for  the  same  devices  of  Fig.  6.  TAT  do¬ 
minates  at  low  voltage  while  DT  prevails  at  high  voltage. 
The  two  measurements  coincide  for  Vq  <  —  IV. 

Figs.  6,  7  report  the  measured  and  simulated 
CV  and  IV  characteristics  of  two  capacitors  with 
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tox  =  3 nm  and  different  substrate  doping.  In 
these  devices  the  simulated  DT  is  lower  than  the 
measured  value,  indicating  that,  for  the  same  ox¬ 
ide  quality,  the  TAT  becomes  more  important  in 
relatively  thick  (3-5nm)  oxides.  In  order  to  fit  the 
measured  IV,  a  simple  trap  distribution,  uniform 
in  space  and  energy  throughout  the  SiC>2  forbid¬ 
den  gap,  was  assumed.  The  best  fitting  was  found 
with  a NtT  —  30cra-1,  a  value  comparable  with 
the  one  of  DEVA  and  DEVB. 

Fig.  7  reports  the  results  of  the  simulations 
and  shows  the  relative  importance  of  the  DT  and 
TAT  components.  TAT  dominates  at  low  applied 
bias,  where  there  are  enough  traps  to  sustain  the 
current  and  the  DT  component  is  still  very  low. 
Eventually  the  DT  prevails  and  the  TAT  almost 
saturates  due  to  the  limited  number  of  traps. 


Figure  8.  Measured  (symbols)  and  simulated  (lines)  gate 
tunneling  current  for  CAP  devices  with  implanted  sub¬ 
strate.  The  oxide  thicknesses  are  (from  top  to  bottom): 
1.5  nm,  1.8  nm,  2  nm.  Here  only  DT  is  needed  to  fit  the 
experiments.  TAT  computed  using  the  same  parameters 
as  in  Fig.  7  is  negligible. 

In  Fig.  8  the  measured  and  simulated  IV  cha¬ 
racteristics  of  thinner  (2-1.5  nm)  oxide  CAP  de¬ 
vices  with  implanted  substrate  are  shown.  In  all 
these  cases  the  DT  current  alone  fits  the  expe¬ 
riments  and  the  TAT,  computed  using  the  same 
parameters  as  in  Fig.  7,  is  negligible.  Similar  re¬ 
sults  were  obtained  on  CAP  devices  featuring  the 
same  oxide  thicknesses  but  undoped  substrate. 

This  decreasing  importance  of  TAT  with  de¬ 
creasing  tox  is  schematically  illustrated  in  Fig.  9, 
and  it  is  due  to  the  different  functional  depen¬ 
dence  on  tox  of  the  two  components. 


Figure  9.  Schematic  representation  of  the  tunneling  cur¬ 
rent  (Jt)  dependence  on  t0x  at  a  fixed  bias.  The  oxide 
thickness  at  which  DT  =  TAT  depends  on  <rNtr> 


5.  CONCLUSIONS 

In  conclusions  we  have  shown  that  in  ultra- thin 
oxide  MOS  devices  the  leakage  current  can  largely 
exceed  the  theoretical  value.  We  propose  that  the 
extra  component  is  due  to  the  presence  of  native 
traps  probably  induced  by  back-end  processing. 
If  the  number  of  native  traps  is  kept  low  by  care¬ 
ful  and  simple  processing,  the  TAT  current  still 
shows  up  in  relatively  thick  oxides  but  disappears 
at  2  nm  thickness  and  below. 
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We  propose  a  novel  technique  of  direct  oxidation  of  Si  surfaces  using  activated  oxygen  species  which  can 
react  with  Si  surfaces  to  form  Si02  at  low  temperatures  (  <  500  °C).  Specific  oxidation  mechanisms  have 
been  revealed,  and  the  atomic  level  planarization  at  surfaces  and  interfaces  could  be  achieved  for  the  first 
time.  Electronic  properties  of  grown  films  and  SiCySi  interfaces  were  characterized  in  detail  to  show  the 
feasibility  for  the  application  to  MOSFET  devices. 


1.  INTRODUCTION 

For  the  increasing  integration  in  advanced 
ULSIs,  the  formation  of  nanometer-thick  Si02 
gate  insulators  becomes  a  crucial  process  to 
realize  high  reliablity  and  performance. 
Accurate  control  of  film  thickness  and 
uniformity  should  be  strongly  required.  In 
addition,  low  temperature  process  is  also 
strongly  pursued  to  avoid  impurity 
redistribution  and  thermal  distortion.  We 
have  proposed  a  novel  technique  of  direct 
oxidation  of  Si  surfaces  using  activated 
oxygen  [1].  Chemically  active  oxygen  species 
can  react  with  Si  surfaces  to  form  Si02  at  low 
temperatures  (  <  500  U).  Specific  oxidation 
mechanisms  have  been  revealed  [1],  and  the 
electronic  properties  of  grown  films  and 
Si02/Si  interfaces  were  characterized  [2]  to 
show  the  feasibility  for  the  application  to 
MOSFET  devices.  In  this  study,  interface 
structures  were  studied  using  the  atomic 
force  microprobe  (AFM)  method,  and  the 
atomic  level  planarization  at  interfaces  and 
surfaces  could  be  achieved  for  the  first  time. 
Obtained  performances  of  fabricated 


MOSFETs  were  also  discussed  in  detail 
relating  with  interface  electronic  properties. 


Base  Pressure  109  Torr 
jLIQN*  f 


Figure  1.  Experimental  apparatus. 
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2.  EXPERIMENTS  and  GROWTH 


Atomic-level  controlled  oxidation  could  be 
realized  using  activated  oxygen  at  as  low  as 
300-500  °C  [1,2].  An  experimental  apparatus 
in  Fig.l  was  explained  in  detail  elsewhere  [1]. 
The  main  chamber  was  evacuated  down  to  a 
back  pressure  of  10'9  Torr.  Activated  oxygen 
species  were  generated  in  Ar  based  ECR 
plasma  with  typical  conditions  of  100W  and 
10'3  Torr.  The  distance  between  a  substrate 
and  the  orifice  of  the  plasma  source  was  about 
30  -  100  mm.  Substrates  were  Si  (001)  wafers, 
and  a  conventional  RCA  cleaning  process  was 
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Figure  2.  Growth  rate  as  a  function  of 
substrate  temperature. 

used  before  oxidation.  Typical  growth  rates 
are  shown  in  Fig.2  as  a  function  of  substrate 
temperature  under  various  oxidation 
conditions.  Optical  emission  spectroscopy  of 
777  nm  emission  related  to  the  excited  states 
of  oxygen  atom  revealed  that  the  amount  of 
activated  oxygen  species  could  be  controlled 
by  changing  Ar/02  flow  ratio.  The  oxidation 
rate  was  varied  in  a  range  of  3  -  15  nm  /hour, 
which  improves  the  feasibility  in  ultra-thin 
Si02  formation.  It  should  be  noted  that  in  a 
range  of  300  -  500  *C,  the  oxidation  rate  has 
found  to  be  almost  independent  on  the 
substrate  temperature  (see  A  (activation 


energy  :  0.044  eV)  and  ©  (activation  energy  : 
0.089  eV)  in  Fig.2, )  at  a  fixed  Ar/02  ratio  and 
also  found  to  be  much  higher  than  the 
thermal  oxidation  case  (X).  Activated  oxygen 
species  (atomic  oxygen  at  excited  and  ground 
states  and/or  excited  molecular  oxygen)  play  a 
dominant  role  in  oxidation. 


OXIDE  THICKNESS  (nm) 


Figure  3.  Surface  and  interface  roughness. 

We  have  found  a  novel  phenomenon  of 
planarization  at  interfaces  and  surfaces  by 
activated  oxygen  treatment.  After  oxide 
growth  at  a  fixed  thickness  a  sample  was 
irradiated  by  activated  oxygen  species  for  10 
min  at  the  condition  shown  by  O  in  Fig.2.  A 
total  film  thickness  was  not  increased  at  all 
(less  than  0.2  nm),  by  this  ’’radical  annealing", 
but  roughness  at  surfaces  and  interfaces  was 
improved  drastically.  The  scanning  area  in 
AFM  measurement  was  0.6  fx  mD  ,  and  the 
lateral  and  depth  resolutions  were  0.05  and 
0.01  nm,  respectively.  Figure  3  shows  the 
values  of  Rms  (root  mean  square)  st  surfaces 
and  interfaces  as  a  function  of  film  thickness. 
The  roughness  at  interfaces  was  measured 
after  removal  of  Si02  by  diluted  HF.  After  an 
oxidation  using  activated  oxygen,  roughness 
increased  monotonously  with  increasing 
thickness  as  shown  by  #,  O,  on  the  contrary, 
by  introducing  the  radical  annealing  after 
oxidation  roughness  decreased  down  to  the 
as-prepared  value  or  less  shown  by  ■,  □. 
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The  minimum  value  was  about  0.15  nm, 
which  was  equivalent  to  a  single  atomic  step. 
Detail  mechanisms  of  planarization  are  now 
investigated  using  AFM  observation  under 
various  oxidation  conditions. 


3.  ELECTRONIC 

CHARACTERIZATION 


Figure  4.  Typical  current/voltage 
characteristics. 

Electronic  properties  of  grown  Si02  films 
and  interfaces  were  characterized  by  current  / 
voltage  and  capacitance  /  voltage 
measurements  using  metal  /  oxide  / 
semiconductor  (MOS)  structures  fabricated  on 
n-type  Si  surfaces.  Without  "radical 
annealing"  grown  films  showed  rather  poor 
qualities  partly  due  to  rough  interfaces  as 
mentioned  above.  We  did  not  observe  the  clear 
relationship  between  roughness  and 
electronic  properties  such  as  resistivity  and/or 
interface  state  density  quantitatively,  but  we 
could  achieve  high-quality  electronic 
properties  reproducibly  by  “radical  annealing”. 
In  Fig.  4,  a  typical  current  /  voltage 
characteristic  is  shown  for  a  Si02  thickness  of 
6.1  nm.  A  high  resistivity  of  1014  -  1015Ocm 
was  achieved  at  a  low  electric  field  strength. 
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Figure  5.  Interface  state  density. 

The  steep  increase  in  a  range  higher  than  8 
MV/cm  was  caused  by  a  Fowler-Nordheim  (F- 
N)  tunneling  current.  A  F-N  tunneling  plot 
shown  in  the  insertion  gave  a  barrier  height 
(Si/Si02)  of  3.0  eV  with  an  electron  effective 
mass  of  0.44.  The  derived  barrier  height  is  a 
little  bit  smaller  than  the  reported  value  (3.2 
eV)  in  the  case  of  thermally  grown  one.  But, 
the  electronic  band  diagram  at  the  interface 
formed  by  activated  oxygen  was  considered  to 
be  almost  identical  to  that  made  by  a  thermal 
process  at  high  temperatures  [3]  if  we  take 
into  account  of  the  measured  values 
distributed  in  a  range  of  3.0  -  3.2  eV  in  our 
experiments.  Capacitance  /  voltage 
characteristics  showed  no  hysteresis,  and  the 
estimated  minimum  interface  state  density 
was  as  low  as  3  X  1011  cm'W'1  as  shown  in 
Fig.5. 

MOSFETs  with  a  channel  length/width  of 
30/250  jjl  m  were  fabricated  on  p-Si  (001) 
surfaces.  A  maximum  effective  electron 
mobility  of  130  -  300  cm2/Vs  was  realized, 
which  reflects  the  excellent  interface 
properties  as  discussed  above.  To  authors’ 
knowledge,  the  achieved  mobility  is  one  of  the 
high  values  reported  up  to  now  for  low- 
temperature  processed  gate  insulators  [4],  but 
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is  about  20  -  40  %  in  the  case  of  thermally 
grown  Si02.  Figure  6  shows  a  typical  example 
of  the  effective  electron  mobility  as  a  function 
of  measurement  temperature.  A  rather  high 
value  (1012  -  1013  cm'2)  of  fixed  charge  density 
was  deduced  by  comparing  the  experimental 
values  with  reported  ones  [5]  in  the  range  of 
coulomb  scattering  limited  region.  The  fixed 
charge  was  incorporated  during  FET 
fabrication  processes  since  rather  low  fixed 
charge  density  of  1011  cm'2  could  be  realized  in 
the  case  of  a  simple  MOS  structure  process. 
Further  improvement  of  FET  fabrication 
processes  including  interface  modification  by 
hydrogen  annealing  and/or  ozone  treatment  is 
required. 

4.  CONCLUSIONS 

Novel  growth  mechanisms  in  nanometer  - 
thick  Si02  growth  using  activated  oxygen 
were  presented.  Precise  thickness  control  in 
oxidation  could  be  achieved,  and  interface 
planarization  in  an  atomic  level  was 
demonstrated  for  the  first  time.  Tunneling 
transport  through  ultra-thin  Si02  showed 
high-quality  electronic  properties  as  a 
thermal  process  at  high  temperatures. 
Fabricated  FETs  were  studied  in  detail,  using 
mobility  /  temperature  dependence,  and 
perspectives  for  further  improvement  was 
discussed. 


Figure  6.  Effective  electron  mobility. 
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The  use  of  SiGe  gates  in  MOSFET  technology  has  promise  as  a  single-gate  material  for  both  n-  and 
p-channel  MOSFETs.  The  Ge  content  in  the  gate,  however,  affects  the  gate  energy  band  diagram.  While 
Ge  in  the  SiGe  gate  does  not  affect  the  conduction-band  energy  level,  it  is  found  to  raise  the  valence-band 
energy  level  and  reduce  the  gate  bandgap.  This  change  results  in  an  increase  in  the  gate  current  resulting 
mainly  from  the  tunneling  of  electrons  from  the  valence  band  of  the  gate  in  PMOSFETs.  This  paper 
reports  on  the  effects  of  Ge  content  in  SiGe  gates  on  the  tunneling  characteristics  of  PMOSFETs. 


1.  INTRODUCTION 

The  presence  of  Ge  in  the  poly-Si  gate  of  PMOS 
devices  is  reported  to  change  their  flatband  volt¬ 
age  [1-4].  It  has  been  found  that  an  increase  in 
the  Ge  content  decreases  the  flatband  voltage, 
thus  improving  the  current  drive  and  transcon¬ 
ductance.  Such  a  technology  promises  future 
single-gate  materials  for  both  p-  and  n-channel 
devices.  The  purpose  of  this  work  is  to  study 
the  effects  of  Ge  content  in  SiGe  gates  on  the 
gate  tunneling  current  of  PMOS  structures  biased 
for  gate  injection  and  to  determine  tunneling  pa¬ 
rameters  such  as  the  barrier  height  and  the  elec¬ 
tron  effective  mass.  The  gate  current  in  p+-gate 
PMOSFETs  biased  with  Vgs  <  0  is  attributed  to 
the  tunneling  of  electrons  from  the  valence  band 
of  the  SiGe  gate,  as  illustrated  in  Fig.  1.  In  this 
work,  it  is  found  that  the  tunneling  barrier  height 
is  reduced  by  as  much  as  0.395  eV  when  the  per¬ 
centage  of  Ge  is  increased  from  0  to  60%  in  the 
gate.  As  expected,  the  electron  effective  mass  in 
the  oxide  is  not  affected. 

*This  work  was  supported  at  Duke  University  by  the  Na¬ 
tional  Science  Foundation  Engineering  Research  Center  on 
Advanced  Electronic  Materials  Processing  at  North  Car¬ 
olina  State  University. 


Tunneling  Mechanisms  in  PMOSFETs 


p+  Poly  Gate  Si02  n-type  Substrate 

Fig  1.  Tunneling  mechanisms  in  PMOSFETs. 
Electron  tunneling  from  the  conduction  (CBET) 
is  negligible  due  to  the  small  concentration  of 
electrons  in  the  p+-gate. 
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The  presence  of  Ge  in  the  gate  is  found  not  only 
to  change  the  flatband  voltage  but  also  the  bar¬ 
rier  height  of  electrons  tunneling  from  the  valence 
band.  This  observation  was  recently  reported  for 
Poly-Sio.7Ge0.3  gates  [5].  Our  present  work  stud¬ 
ies  the  effect  of  the  Ge  percentage  on  the  tun¬ 
neling  barrier  height.  We  report  that  the  barrier 
height  decreases  with  the  increase  in  Ge  content 
and  that  the  reduction  can  be  as  much  as  0.395  eV 
when  the  Ge  percentage  reaches  60%. 

2.  EXPERIMENTAL  RESULTS 

PMOS  devices  with  oxide  thicknesses  rang¬ 
ing  from  35  to  70A  were  fabricated.  In-situ 
boron-doped  poly-Sii-aGe^  gates  were  deposited 
in  a  cold-wall  RTCVD  system,  at  560-580°C  and 
4  Torr,  using  a  mixture  of  Si2H6,  GeH4,  and  B2H6 
gas.  Poly-Sii_xGex  gates  with  different  Ge  con¬ 
tent  were  obtained  by  changing  the  ratio  of  GeH4 
and  Si2H6-  The  film  composition  was  determined 
by  energy-dispersive  X-ray  spectrometry  (EDX). 
The  Ge  content  in  the  SiGe  gate  was  changed 
from  0  to  60%. 


Experiments  and  Parameter-Extraction  Fits 


Fig  2.  The  capacitance- voltage  (^(Vgb)  char¬ 
acteristics  of  three  MOSCAPS  with  SiGe  gates 
containing  0,  40,  and  64%  Ge. 


The  oxide  thickness  and  flatband  voltage  were 
determined  by  fitting  the  C(V)  characteristics. 
The  experimental  C(V)  data  and  model  fits  are 
shown  in  Fig.  2. 

Figure  3  shows  the  experimentally  observed  de¬ 
pendence  of  the  gate  current  density  on  the  oxide 
electric  field  for  devices  with  different  Ge  percent¬ 
ages.  It  is  found  that  the  Ge  presence  in  the  gate 
does  not  change  the  barrier  height  of  the  electrons 
tunneling  from  the  substrate.  Figure  4  shows  the 
experimental  results  for  electrons  tunneling  from 
the  gate.  The  trend  in  this  figure  indicates  that 
for  the  same  electric  field  in  the  oxide,  the  gate 
current  density  for  gate  injection  increases  when 
the  percentage  of  Ge  in  the  gate  is  increased.  We 
attribute  this  increase  in  Jq  to  a  reduction  in  the 
barrier  height  for  electrons  tunneling  from  the  va¬ 
lence  band  of  the  gate. 

Extraction  of  the  electron  effective  mass  in  the 
oxide  and  the  tunneling  barrier  height  is  carried 
out  with  the  help  of  Fowler-Nordheim  plots  where 
we  fit  In (Jg/£ox)  vs  where  Sox  is  the 

oxide  electric  field,  as  is  shown  in  Fig.  5.  The 
barrier  height  was  found  to  be  4.3  eV  in  the  case 
of  PMOS  devices  with  no  Ge  in  the  polysilicon 
gate  material. 


Fig  3.  Dependence  of  the  DC  current- voltage 
Jg(£ox)  characteristics  on  Ge  percentage  for 
substrate  injection. 


41 


A.  Shanware  et  al.  /  Microelectronic  Engineering  48  (1999)  39-42 


Jg(£ox)  characteristics  on  Ge  percentage  for 
gate  injection. 


Fit  Using  the  Fowler-Nordheim  Equation 


Fig  5.  Influence  of  the  percentage  of  Ge  in  the 
SiGe  gate  on  the  Fowler-Nordheim  plots  for  gate 
injection.  The  solid  lines  are  the  straight-line  FN 
fits  to  the  data. 


Effect  of  %  Ge  on  the  Barrier  Height 


Fig  6.  Influence  of  the  percentage  of  Ge  in  the 
SiGe  gate  on  the  barrier  height  of  electron  tun¬ 
neling  from  the  gate. 


The  electron  effective  mass  in  the  oxide  was  . 
found  to  be  0.39mo  for  all  cases.  It  is  not  expected 
that  this  tunneling  parameter  would  be  affected 
by  the  presence  of  Ge  in  the  gate. 

3.  DISCUSSION 

Figure  6  shows  our  results  for  the  effect  of  Ge 
content  in  SiGe  gate  on  the  decrease  in  the  bar¬ 
rier  height  for  electron  tunneling  from  the  valence 
band  in  comparison  with  the  results  obtained  by 
Salm  et  al.  [5].  Lee  et  al.  [4]  and  Salm  et 
al.  reported  that  the  change  in  the  workfunc- 
tion  of  NMOSFETs  with  n+-poly  SiGe  gates  was 
negligible  and  made  similar  conclusions  that  the 
conduction-band  energy  level  is  hardly  affected  by 
the  presence  of  Ge  in  SiGe  gates.  From  their  re¬ 
sults  and  the  results  obtained  in  our  study,  we  can 
conclude  that,  as  the  Ge  percentage  is  increased 
in  SiGe  gates,  the  conduction-band  energy  level 
is  hardly  changed  and  that  the  valence-band  en¬ 
ergy  level  is  strongly  affected  in  a  direction  that 
results  in  the  reduction  of  the  SiGe  band  gap  as 
schematically  shown  in  Fig.  7. 
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Fig  7.  Dependence  of  the  conduction-band  energy 
level  Ec  and  valence-band  energy  level  Ey  on  the 
Ge  percentage  in  poly-SiGe  gates. 


Effect  of  Ge  on  SiGe  Bandgap  Energy 


Fig  8.  The  reduction  in  the  bandgap  of  SiGe  gate 
due  to  increasing  percentage  of  Ge  in  gate.  Ex¬ 
perimental  results  obtained  in  this  work  are  com¬ 
pared  with  direct  measurements  of  the  bandgap 
obtained  by  optical  methods  [6]. 


The  results  reported  by  Salm  et  al.  [5]  and 
compared  to  our  results  only  extend  to  Ge  con¬ 
tent  of  up  to  30%.  For  Ge  percentages  exceeding 
this  value,  we  compare  our  results  with  those  ob¬ 
tained  by  Lang  et  al  [6]  using  optical  photocur¬ 
rent  spectroscopy  to  measure  the  optical  absorp¬ 
tion  spectra  of  coherently  strained  layers  of  SiGe. 
It  can  be  easily  seen  in  Fig.  8  that  the  decrease  in 
the  tunneling  barrier  of  electrons  obtained  in  our 
study  closely  matches  the  decrease  in  the  bandgap 
of  SiGe  material  measured  using  optical  methods. 

We  conclude  that  the  use  of  poly-SiGe  as  the 
gate  material  for  dual-gate  CMOS  transistors  has 
to  take  into  account  the  increase  in  the  gate  cur¬ 
rent  consisting  of  electrons  tunneling  from  the  va¬ 
lence  band  of  PMOSFET  gates  due  to  the  pres¬ 
ence  of  Ge.  The  germanium  content  in  the  gate 
should  be  optimized  to  limit  the  gate  tunneling 
current  in  PMOSFETs  especially  at  gate  biases 
larger  than  1  V.  This  effect  should  be  considered 
a  process  integration  issue  in  the  optimization  of 
ULSI  devices. 

4.  CONCLUSIONS 

The  presence  of  Ge  in  the  p+  gate  of  PMOS  de¬ 
vices  reduces  the  barrier  height  of  electrons  tun¬ 
neling  from  the  valence  band  of  the  gate.  This 
result  poses  a  limitation  on  the  use  of  SiGe  gates 
in  devices  with  ultrathin  dielectrics. 
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X-ray  irradiation  effect  on  the  reliability  of  ultra-thin  gate  oxides  and  oxynitrides 


M.  Houssa  a),  S.  De  Gendt a),  P.  de  Bokx  b),  P.W.  Mertens  a)  and  M.M.  Heyns  a) 

(a) lMEC,  75  Kapeldreef,  B-3001  Leuven,  Belgium 

(b) Philips  Research  Laboratories,  4  Prof.  Holstlaan,  5656  AA  Eindhoven,  The  Netherlands 

During  X-ray  irradiation  of  MOS  devices,  interface  states  as  well  as  bulk  electron  and  hole  traps  are  generated  at 
the  Si/Si02  interface  and  in  the  Si02  layer  respectively.  In  this  paper,  we  investigate  the  effect  of  X-ray 
irradiation  on  the  electrical  characteristics  of  4.2  nm  oxide  and  4.4  nm  oxynitride  layers.  It  is  shown  that  the  bulk 
electron  traps  generated  during  irradiation  lead  to  an  increase  of  the  gate  current  in  the  low  gate  voltage  region, 
behaviour  which  can  be  attributed  to  trap  assisted  tunneling.  From  the  analysis  of  time-dependent  dielectric 
breakdown  characteristics,  it  is  demonstrated  that  the  irradiation-induced  bulk  traps  participate  in  the  formation  of 
the  breakdown  (percolation)  path  in  the  gate  oxide  layer. 


1.  INTRODUCTION 

The  effect  of  X-ray  irradiation  induced  damage  on  the 
electrical  properties  of  MOS  (metal-oxide- 
semiconductor)  devices  has  been  widely  investigated 
[1-4].  Ionizing  radiations  generate  interface  states  at 
the  Si02/Si  interface  as  well  as  bulk  electron  and 
hole  traps  in  the  gate  oxide  layer.  The  generation  of 
these  traps  results  in  the  degradation  of  the  device 
properties.  While  most  of  the  reported  works  on  X- 
ray  irradiation  damage  of  thin  gate  oxides  have 
focused  on  the  investigation  of  interface  states,  not 
much  work  has  been  performed  on  the  study  of  bulk 
oxide  traps  [5].  In  this  paper,  we  report  the  effect  of 
X-ray  irradiation  on  the  electrical  properties  and 
reliability  of  ultra-thin  gate  oxides  and  oxynitrides.  It 
is  shown  that  the  bulk  oxide  traps  generated  during 
the  X-ray  irradiation  behave  quite  similarly  to  the 
neutral  electron  traps  induced  by  electrical  stress  of 
the  gate  oxide.  It  is  also  demonstrated  that  the 
inadiation-induced  traps  participate  in  the  formation 
of  the  breakdown  path  in  the  Si02  layer. 

2.  EXPERIMENTAL 

MOS  capacitor  structures  with  4.2  nm  oxide  and  4.4 
nm  oxynitride  layers  and  with  P-doped  poly-Si  gate 
electrodes  were  patterned  on  n-type  (100)  Si  wafers. 
The  wafers  were  irradiated  at  5  different  spots  (3  cm 
in  diameter)  during  120  s.  The  X-ray  beam  was 
applied  perpendicular  to  the  wafer  surface.  The  X-ray 
tube  (Rh  anode)  was  set  to  24  kV  and  125  mA.  The 
estimated  irradiation  dose  was  estimated  to  be 
2.5  J/cm2  [Si]. 
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3.  RESULTS 

The  current-voltage  characteristics  of  1.96xl0-5  cm2 
area  capacitors  with  a  4.4  nm  oxynitride  layer  are 
shown  in  Fig.l.  One  observes  that  the  leakage 
current  is  increased  in  the  low  gate  voltage  region 
after  X-ray  irradiation  [6],  a  behaviour  quite  similar 
to  the  stress-induced  leakage  current  (SILC)  observed 
in  devices  stressed  under  a  constant  gate  current  or 
gate  voltage  [7,8]. 


Fig.l.  Current-voltage  characteristics  of  MOS  capacitors  with  a 
4.4  nm  oxynitride  layer  before  and  after  X-ray  irradiation. 

The  radiation-induced  leakage  current  (RILC)  has 
been  analysed  within  a  trap  assisted  tunneling  model 
[9].  The  trap-assisted  tunneling  current  can  be 
approximated  by  the  following  expressions  [9] 
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in  the  direct  (DIR)  and  Fowler-Nordheim  (FN) 
tunneling  regime  respectively.  In  the  above 
equations,  C=e  tox  Dot  /  z0,  where  e  is  the  electron 
charge,  tox  the  oxide  thickness,  Dot  the  density  of 
bulk  neutral  traps,  x0  the  de-trapping  time  and  Eox 
the  oxide  field. 


Fig.2.  Jq-Vox  characteristics  of  a  4.4  nm  gate  oxide  layer 
before  and  after  X-ray  irradiation.  Solid  lines  are  fits  to  the  data 
obtained  with  a  trap  assisted  tunneling  model  [9]. 


We  have  used  Eq.  (1)  and  (2)  in  order  to  fit  the 
current-voltage  characteristics  of  MOS  capacitors 
before  and  after  X-ray  irradiation,  see  Fig.2.  The 
theoretical  curves  shown  in  Figs.  2  were  obtained  by 
fixing  the  following  values  of  the  physical 

parameters:  m=0.4mo,  to=2x10-12  s,  §=3.2  eV  for 
tunneling  from  the  conduction  band  (fresh 
capacitors)  and  c|>=4.2  eV  for  tunneling  from  the 
valence  band  (irradiated  capacitors)  [9].  The  excellent 
agreement  between  the  experimental  results  and  the 
theoretical  curves  suggests  that  the  radiation-induced 
leakage  current  can  be  attributed  to  the  trap  assisted 
tunneling  mechanism,  like  the  stress-induced  leakage 
current  [8,9].  From  these  fits,  the  density  of  bulk 
electron  traps  Dot  induced  by  the  X-ray  irradiation 


can  be  extracted,  see  Table  1.  One  can  see  that  the 
density  of  bulk  traps  increases  by  about  2  orders  of 
magnitude  after  irradiation. 

The  time-to-breakdown  tBD  distributions  before  and 
after  irradiation  of  MOS  capacitors  with  a  4.4  nm 
oxynitride  layer  are  presented  in  Fig.  3.  These 
distributions  were  obtained  by  stressing  20  devices 
(1. 26xl0-3  cm2  area)  under  a  constant  gate  voltage 
stress  VG=5. 6  V  (substrate  injection).  One  observes 
that  the  tBD  values  are  lower  after  X-ray  irradiation 
and  that  the  slope  of  the  Weibull  distribution  p  is 
smaller  after  irradiation. 


Fig.3.  Time-to-breakdown  distributions  of  MOS  capacitors  with 
a  4.4  nm  oxynitride  layer. 


In  Fig.  4,  the  intrinsic  (50%)  tBD  values  are  presented 
as  a  function  of  the  capacitor  area  for  the  4.2  nm 
oxide  and  4.4  nm  oxynitride  layer.  One  observes  that 
the  50%  tBD  values  are  lower  after  X-ray  irradiation, 
and  that  this  relative  decrease  becomes  more 
important  as  the  capacitor  area  increases.  From  the 
data  shown  in  Fig. 4,  the  slope  of  the  time-to- 
breakdown  distributions  can  be  extracted  [10,11] 
before  and  after  X-ray  irradiation  according  to  the 
expression 

tfD  =  (A1!A2)UPtfD  (?) 

where  tib  (fBD  )  is  the  intrinsic  time-to- 
breakdown  corresponding  to  area  A2  (A0  and  p  is 
the  Weibull  slope  of  the  time-to-breakdown 
distribution. 


M.  Houssa  et  al.  /  Microelectronic  Engineering  48  (1999)  43-46 


45 


Table  1.  Density  of  bulk  electron  traps  Dot  obtained  from  RILC  analysis,  Weibull  slope  p  and  corresponding  critical  trap  density  D0^cr^ 
as  obtained  from  the  analysis  of  tgp)  data.  AD0^crjt  is  the  difference  between  the  critical  density  of  electrically  induced  traps  before  and 
after  irradiation,  i.e.  the  traps  induced  during  irradiation. 


Sample 

Dot 

(cm'3) 

(RILC) 

p 

ot,crit 

(cm'3) 

(Ibd) 

AU  „t  Crit 

(cirf*) 

bef.  rad. 

6.8xl016 

3.05  ±  0.16 

1.5xl019 

4.2  nm 

9.7xl018 

aft.  rad. 

1.2xl019 

2.22  ±0.15 

5.3xl018 

bef.  rad. 

1.6xl017 

2.36  ±0.12 

8.1xl018 

4.4  nm 

6.9xl018 

aft.  rad. 

7.6xl018 

1.86  ±0.14 

1.2xl018 

The  values  of  p  extracted  from  the  data  shown  in 
Fig.4  are  given  in  Table  1.  One  can  see  that  p 
decreases  after  irradiation,  i.e.  a  wider  distribution  of 
breakdown  times  is  observed  after  irradiation. 


Fig.4.  Area  dependence  of  the  intrinsic  time -to- breakdown 
values  of  4.2  nm  and  4.4  nm  gate  oxide  layers  before  and  after 
X-ray  irradiation. 


electron  traps  Dot;Crit  generated  during  the  electrical 
stress  and  needed  to  trigger  breakdown  (or  soft 
breakdown)  of  the  gate  oxide  layer.  The  Weibull 
slope  p  is  plotted  versus  Dot  crit  in  Fig. 5.  This  curve 
was  obtained  from  Monte-Carlo  simulations, 
assuming  that  electron  traps  are  generated  randomly 
in  the  Si02  layer  and  form  a  percolation  path 
between  the  cathode  and  anode  of  the  capacitor  at 
breakdown  or  soft  breakdown  [12,13]. 


CO. 

o 

CL 

O 

V) 


Dot,crit  (cm’3) 


It  has  been  shown  [12]  that  the  slope  of  the  Weibull  Fig.5.  weibull  slope  p  as  a  function  of  the  critical  density  of  bulk 

distribution  is  related  to  the  critical  density  of  neutral  oxide  traps  Dot  crit. 
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This  percolation  model  predicts  that  Dot  crit  is  lowered 
as  p  decreases.  From  the  data  shown  in  Fig.4  and  the 
results  summarized  in  Table  1,  it  can  be  deduced  that 
the  critical  density  of  electrically-induced  traps  at 
breakdown  (or  soft  breakdown)  is  lowered  in 
irradiated  capacitors,  namely  X-ray  irradiation-induced 
traps  are  participating  in  the  formation  of  the 
breakdown  path.  By  substracting  the  Dot6rit  values 
before  and  after  irradiation,  the  bulk  electron  trap 
density  Dot  =  ADotjCrit  induced  by  irradiation  can  be 
estimated,  see.  Table  1.  These  latter  Dot  values  are 
quite  close  to  those  obtained  from  the  analysis  of  the 
irradiation-induced  leakage  current.  Furthermore,  the 
probability  of  observing  soft  breakdown  is  increased 
from  about  20%  before  irradiation  to  about  60%  after 
irradiation.  The  bulk  electron  traps  generated  during 
X-ray  irradiation  thus  favor  the  occurrence  of  soft 
breakdown  in  the  oxide,  i.e.  these  traps  activate  the 
formation  of  the  percolation  path  responsible  for  the 
time-dependent  dielectric  breakdown. 

4 .  CONCLUSIONS 

The  effect  of  X-ray  irradiation  on  the  electrical 
characteristics  of  ultra-thin  gate  oxides  and 
oxynitrides  has  been  investigated.  It  has  been  shown 
that  the  tunneling  current  is  increased  in  the  low  gate 
voltage  region  after  the  irradiation  of  MOS 
capacitors  with  4.2  nm  oxide  and  4.4  nm  oxynitride. 
This  phenomenon  is  closely  related  to  the  stress- 
induced  leakage  current  observed  in  electrically 
stressed  MOS  devices  and  is  due  to  the  generation  of 
X-ray  irradiation-induced  bulk  electron  traps  in  the 
Si02  band  gap,  traps  which  increase  the  probability 
of  electrons  to  tunnel  from  the  Si  substate  to  the 
poly-Si  gate.  The  current-voltage  characteristics  of 
irradiated  capacitors  have  been  quite  well  reproduced 
by  using  an  approximate  expression  for  the  trap 
assisted  tunneling  current.  From  these  fits,  realistic 
values  of  the  X-ray  induced  bulk  oxide  traps  Dot  have 
been  obtained.  Next,  we  have  shown  that  the  time- 
to-breakdown  values  obtained  by  stressing  MOS 
capacitors  with  a  constant  gate  voltage  are  decreased 
in  irradiated  capacitors,  the  more  so  in  the  largest 
tested  capacitor  area.  By  plotting  the  intrinsic  tBD 
values  as  a  function  of  the  capacitor  area,  the  slope  p 
of  the  Weibull  distribution  has  been  extracted  before 
and  after  X-ray  irradiation.  It  has  been  shown  that  p 
decreases  after  irradiation,  which  implies  that  the 
critical  density  of  neutral  electron  traps  needed  to 


trigger  breakdown  (or  soft  breakdown)  in  the  gate 
oxide  is  decreased  after  irradiation.  By  substracting 
the  values  of  the  critical  trap  density  before  and  after 
X-ray  irradiation,  the  bulk  electron  trap  density 
generated  by  the  irradiation  could  be  also  extracted.  It 
has  been  shown  that  consistent  results  were  obtained 
from  the  analysis  of  the  radiation-induced  leakage 
current  and  the  time-to-breakdown  characteristics. 
These  results  strongly  suggest  that  the  X-ray  induced 
bulk  electron  traps  participate  in  the  formation  of  the 
percolation  path  and  which  triggers  the  breakdown  or 
soft  breakdown  of  the  gate  oxide  layer. 

Fruitful  discussions  with  Dr.  G.  Groeseneken,  Dr. 
R.  Degraeve  and  Dr.  T.  Nigam  are  gratefully 
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We  study  the  effect  of  elevated  temperature  on  the  thin  oxide  breakdown.  We  find  that  the  Arrhenius  law 
does  not  describe  the  process  well — in  contrast  to  that  we  observe  the  log  of  the  time-to-breakdown  to  scale 
linearly  with  temperature  for  a  wide  range  of  oxide  thicknesses.  We  further  observe  that  both  the  hole  fluence 
and  the  neutral  electron  trap  density  at  breakdown  decrease  at  increased  temperatures  and  do  not  reach  constant 
critical  values.  We  also  show  how  elevated  temperature  affects  the  reliability  of  oxide  films  and  predict  insuffi¬ 
cient  reliability  for  oxides  below  2.5  -  2.8  nm. 


1.  INTRODUCTION 

As  the  downscaling  trend  continues,  the  operating 
temperature  of  logic  devices  is  likely  to  rise.  Inte¬ 
grated  circuits  based  on  more  conservative  tech¬ 
nologies  used  in  certain  specialized  mission-critical 
applications,  such  as  telephone  exchanges,  automo¬ 
bile  and  jet  engines,  etc.,  are  also  required  to  operate 
at  elevated  temperatures.  Moreover,  already  during 
fabrication,  devices  are  typically  exposed  to  in¬ 
creased- temperature  stress  during  various  plasma¬ 
processing  steps.  Thorough  understanding  of  the 
degradation  phenomena  caused  by  electrical  stress  at 
elevated  temperatures  is  therefore  critical  for  proper 
assessment  of  the  reliable  device  lifetime. 


Figure  1.  Prediction  of  the  maximum  operating 
voltage  for  the  2.8  nm  oxide  by  considering  T- 
acceleration,  area  scaling,  percentile  recalculation, 
and  a  linear  projection  of  the  gate  voltage  VG. 


2.  CONSEQUENCES  FOR  OXIDE 

RELIABILITY 

The  temperature  acceleration  of  oxide  break¬ 
down  constitutes  an  additional  constraint  for  further 
device  downscaling.  For  example,  the  effect  of 
elevated  temperature  T  on  the  lifetime  of  2.8  nm 
oxide — typical  for  the  0.15  pm  CMOS  technology — 
is  demonstrated  in  Fig.  1  in  combination  with  area 
scaling  and  percentile  recalculation  (these  two 
effects  stem  from  the  breakdown  statistics  [1]). 
Typically  specified  maximum  device  failure  of 
0.01%  after  10  years  of  continuous  operation  at 
150°C  and  effective  gate  area  of  0.1  cm2  is  achiev¬ 
able  only  at  ~1.5  V — the  expected  operating  voltage 
for  the  0.15  pm  technology. 

Furthermore,  this  narrow  reliability  margin  will 
completely  disappear  for  oxide  thicknesses  below 
~2.5  -  2.8  nm  (depending  on  the  exact  operating 
conditions),  which  corresponds  to  the  0.13  -  0.15 
pm  technologies  [2],  Consequently,  for  technologies 
below  0.13  pm,  the  insufficient  T-accelerated  gate 
oxide  reliability  might  constitute  the  end  of  the 
Si02-based  gate  dielectrics  era. 

We,  however,  have  to  point  out  that  the  above 
predictions  assume  a  linear  VG  projection  to  operat¬ 
ing  voltages,  which  cannot  be  reasonably  tested 
experimentally  and  may  not  be  correct.  Also,  the 
exact  T-dependence  of  the  Weibull  slope  ft,  which 
affects  the  percentile  and  area  scalings  [1],  is  not 
completely  clear.  A  certain  hope  also  remains  that  p 
could  be  positively  influenced  (i.e.,  increased)  by, 
for  example,  particular  processing  of  the  gate  oxide. 
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3.  TEMPERATURE  DEPENDENCE  OF  TIME- 

TO-BREAKDOWN 

T-acceleration  of  time-to-breakdown  tBB)  is  typi¬ 
cally  assumed  to  be  governed  by  the  Arrhenius  law. 
However,  a  wide  range  of  activation  energies  is 
reported  in  the  literature,  while  the  activation  ener¬ 
gies  frequently  depend  on  the  oxide  thickness, 
applied  electric  field,  or  even  the  temperature  range 
(see  e.g.,  Ref.  [3]).  That  already  suggests  that  this 
law  might  not  be  well  suited  for  describing  this 
acceleration  process.  From  our  own  measurements, 
carried  out  over  a  wide  range  of  oxide  thicknesses 
between  the  room  temperature  (RT)  and  200°C  we 
conclude  that  the  Arrhenius  law  does  not  acceptably 
describe  the  observed  T-dependence  of  tBD  (Fig.  2). 

In  Fig.  3(a)  we  present  tBD  data  measured  as  a 
function  of  T  and  the  stress  current  J  for  the  7.3  nm 
oxide.  Figure  3  demonstrates  that  the  log  of  the 
measured  tBD's  can  be  very  well  linearized  with 
respect  to  T  [Figs.  3(b)  and  (c)]  and  In  J  (this  de¬ 
pendence  agrees  with  the  1  lEox  model).  When  the 


l/TfK-1) 

Figure  2.  Arrhenius  plot  ■  (a)  for  different  oxide 
thicknesses  and  (b)  for  different  stress  currents  for 
one  oxide  thickness.  Data  do  not  lie  on  straight  lines 
and  no  single  activation  energy  can  be  determined. 


Figure  3.  (a)  Measured  dependence  of  tBD  on  T  and 
J  is  fitted  with  the  relationship  In  tBD  =  a(T)  +  b{T) 
In  J.  (b)(c)  The  dependence  of  the  coefficients  a  and 
b  on  T  is  linear. 

data  originally  given  in  Fig.  2(a)  are  replotted,  as 
shown  in  Fig.  4,  a  linear  dependence  of  In  tBD  on  T  is 
apparent  in  the  full  range  of  the  measured  oxide 
thicknesses. 

The  observed  T-dependence  strongly  contrasts 
with  the  Arrhenius  law.  If  tBD  values  are  extrapo¬ 
lated  from  data  measured  at  lower  then  the  operating 
T,  using  this  dependence  may  have  a  significant 
impact  on  the  reliability  prediction.  On  the  other 
hand,  if  the  tBD  data  are  measured  directly  at  the 


Figure  4.  Data  for  each  oxide  thickness  lie  on  a 
straight  line,  suggesting  that  oxide  breakdown  scales 
linearly  with  T.  With  decreasing  oxide  thickness  the 
T-acceleration  of  tBD  increases. 
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Figure  5.  (a)  Measured  dependence  of  Qp,bd  on  7 
and  J  is  fitted  with  the  relationship  In  tBD  =  A(7)  + 
8(7)  In  J.  (b)(c)  The  dependence  of  the  coefficients 
A  and  8  on  T  is  linear.  QPiBd  at  higher  T  is  not 
constant. 

operating  T  or  over  a  wide  T  range  and  interpolated 
to  the  operating  Tf  the  exact  choice  of  the  tBD  T- 
scaling  law  is  not  critical  [2]. 

4.  DISCUSSION 

The  possible  mechanisms  governing  the  observed 
T-dependence  of  tBD  were  more  closely  studied  on 
the  7.3  nm  oxide.  Some  findings  are  now  discussed. 

4.1.  Effect  of  the  barrier  lowering 

In  order  to  explain  the  observed  log-linear  de¬ 
crease  of  tBD  with  T,  we  have  considered  the  effect 
of  the  Si/Si02  barrier  height,  which  is  seen  to  de¬ 
crease  linearly  with  T.  This  effect  was  found  to  be 
responsible  for  the  log-linear  dependence  of  FLASH 
memory  retention  times  on  T  [4].  We  observe  a 
linear  lowering  of  the  barrier  with  T  (~5  -  7  x  1CT4 
eV  K'1,  assuming  that  both  substrate-Si/Si02  and 
Si02/poly-gate  barriers  lower  at  the  same  rate). 

However,  the  only  direct  effect  of  the  decreased 
barrier  with  increased  T  is  an  increased  current 
flowing  through  the  oxide  in  the  Fowler-Nordheim 
regime  [4].  In  the  constant-current  stress  used  on 
the  7.3  nm  oxide,  this  results  in  a  decrease  of  the 
electric  field  in  the  oxide,  which  by  itself  should 


increase  tBD.  We  therefore  conclude  that  this  effect 
cannot  be  directly  responsible  for  the  observed  In¬ 
dependence  of  tBD.  This  is  also  apparent  from  the 
observations  discussed  below. 

4.2.  Hole  fluence 

The  role  of  holes  in  the  T-accelerated  breakdown 
is  discussed  in  Fig.  5.  The  hole  fluence  at  breakdown 
QpBD  at  RT  was  previously  observed  to  reach  a 
critical  value  [5],  which  was  an  argument  supporting 
the  anode  hole  injection  model.  We  find  Qp>Bd, 
obtained  by  integration  of  the  substrate  current  to 
tBD ,  decreasing  at  higher  T,  and  becoming  a  function 
of  J  [Fig.  5(a)].  The  fitting  curves  can  again  be  well 
linearized  [Figs.  5(b)  and  (c)]. 

We  note  that  an  increase  in  QPiBd  for  sub-RT  was 
observed  in  Ref.  [6].  This  observation  is  in  agree¬ 
ment  with  and  complements  our  result.  Considering 
that  non-constant  Qp,Bd  was  also  observed  on  wet 
oxides  at  RT  [7],  we  suggest  that  the  “constant” 
critical  value  of  QPiBd  at  RT  might  be  merely  acci¬ 
dental.  Among  plausible  explanations  we  list  the 
possibility  that  the  substrate  current  is  not  a  true 
measure  of  the  number  of  holes  passing  through  the 
oxide,  and  could  be,  for  example,  partially  mediated 
by  photons,  as  some  experiments  suggest  [8]. 

4.3  Trap  density  at  breakdown 

Finally,  we  investigate  the  influence  of  T  on  the 
oxide  trap  density  Dot  at  breakdown  (DotBD).  A 
constant  critical  value  of  Da{  has  been  previously 
linked  with  breakdown  through  the  percolation 
model  [1].  We  extract  this  quantity  by  measuring 


*(s) 


Figure  6.  The  dependence  of pDot  vs.  injection  time  t 
at  different  Ts  is  used  in  combination  with  the  tBD 
data  (Fig.  3)  to  extract  Dot  BD.  The  filling  fraction  p 
is  assumed  to  be  constant  for  all  measurements. 
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Figure  7.  Dot  at  breakdown  decreases  with  increas¬ 
ing  T  and  decreasing  J.  The  lines  assume  Ar¬ 
rhenius-like  increase  in  the  trap  generation  rate. 

Dot  (at  RT  [1])  as  a  function  of  the  electron  fluence 
Qinj  injected  at  different  temperatures  and  extrapo¬ 
lating  the  dependence  to  breakdown  (Fig.  6).  From 
this  figure  it  is  also  apparent  that  the  trap  generation 
rate  increases  with  T. 

We  find  that  the  DolBD  extracted  from  our  ex¬ 
periment  and  shown  in  Fig.  7  decreases  with  T.  This 
effectively  means  that  fewer  traps  are  needed  to 
cause  breakdown  at  temperatures  above  RT.  Some¬ 
what  surprising  is  also  the  ./-dependence  of  D0{<bd 
observable  at  elevated  T.  Consequently,  modifica¬ 
tions  to  the  very  successful  percolation  model  [1] 
appear  to  be  necessary  to  incorporate  the  decrease  in 
Dot.BD  [9]. 

From  Figs.  6  and  7  it  is  evident  that  the  T- 
acceleration  of  oxide  breakdown  is  affected  by  a 
combination  of  two  factors — the  trap  generation  rate 
and  D01iBd — which  both  depend  on  T.  Consequently, 
even  though  trap  generation  rate  is  apparently 
governed  by  the  Arrhenius  law  [9],  the  T- 
dependence  of  DotiBD  is  clearly  non-Arrhenius,  which 
results  in  the  observed  non- Arrhenius  dependence  of 
tBD  [10].  On  the  other  hand,  the  observed  log-linear 
T-dependence  of  tBD  seems  to  be  obtainable  only  if 
D0(iBD  assumes  a  certain  special  dependence  on  T  so 
that  it  fully  compensates  the  Arrhenius  behavior  of 
trap  generation.  We  therefore  cannot  rule  out  the 
possibility  that  the  observed  log-linear  T-dependence 
of  tsD  is  just  coincidental  and  might  disappear  if,  for 
example,  data  are  obtained  over  a  wider  T  range. 

We  also  note  the  apparently  similar  dependencies 
of  Qp,bd  and  DotiBD  on  T  and  J  (Figs.  5  and  7).  In  the 


light  of  the  above  observations  it  is,  however, 
difficult  to  establish  the  exact  connection  between 
holes  and  the  neutral  electron  traps — conceivable 
dependencies  between  the  two  quantities  range  from 
causal  to  merely  correlational. 

5.  SUMMARY 

We  observe  that  the  Arrhenius  law  does  not  well 
describe  the  T-acceleration  of  oxide  time-to- 
breakdown.  We  find  that  In  tBD  decreases  linearly 
with  T  for  a  wide  range  of  oxide  thicknesses. 
Furthermore,  we  find  that  Qp  and  D0(  do  not  reach  a 
constant  critical  value  at  breakdown  at  elevated 
temperatures  and  the  values  of  both  these  quantities 
at  breakdown  decrease  with  increasing  T.  We  also 
show  how  elevated  T  affects  the  reliability  of  oxide 
films  and  predict  that  reliability  will  be  insufficient 
for  thicknesses  below  2.5  -  2.8  nm. 
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The  scaled-down  MOSFETs  of  the  16  Gbit  generation  and  beyond  will  require  a  gate  dielectric 
thickness  less  than  2  nm.  Reliability  of  ultra  thin  dielectrics  were  investigated  in  DC  and  AC 
stress  at  room  and  elevated  temperatures. 


1.  INTRODUCTION 

The  scaled-down  MOSFETs  of  the  16  Gbit 
generation  and  beyond  will  require  a  gate 
dielectric  thickness  less  than  2  nm  [1].  In  this 
paper,  results  will  be  presented  about  the 
reliability  of  ultra  thin  dielectric  films  (<  2nm) 
in  terms  of  breakdown  behavior,  their 
homogeneity  and  reproducibility  and  their 
stability  when  stressed  by  DC  and  AC 
voltages  at  room  and  elevated  temperatures. 
It  will  be  shown  that  ultra  thin  oxide,  nitrided 
oxide,  oxynitride  and  nitride  films  may  be 
suited  for  high  Gigabit  applications. 

2.  SAMPLE  FABRICATION 

For  our  experiments  we  used  MOS 
capacitors  processed  on  a  n-type  substrate 
doped  with  antimony  (20  mOhm-cm). 

A  HF  vapor  preclean,  the  processing  of  the 
ultra  thin  dielectric  films  and  the  deposition  of 


the  polysilicon  layer  (thickness:  400  nm, 
phosphorus  doped  5.1020  cm'3)  were  performed 
in  a  hot  cluster  tool  in  order  to  avoid  exposure 
to  room  air.  This  procedure  precludes  any 
growth  of  native  oxide,  so  that  the  total 
thickness  of  the  gate  dielectric  can  be  exactly 
controlled.  Four  different  types  of  dielectric 
films  were  produced  by  rapid  thermal 
processing  (800°C  to  1000°C,  5  sec.  to  10  sec.): 
Thermal  oxide,  nitrided  oxide,  oxynitride  and 
nitride.  The  dielectric  film  thicknesses  were  in 
the  range  from  1.5  nm  to  2  nm.  After 
deposition  of  an  interlevel  dielectric  (thickness 
1750  nm),  the  wafers  were  annealed  for  10 
sec.  at  1072°C. 


3.  BREAKDOWN  BEHAVIOUR 

DC  stressing  caused  a  soft  breakdown  with 
a  modest  current  increase  (Fig.  1). 
Extrapolation  of  the  breakdown  time  TBD 
(VDC)  data  shows  for  a  voltage  less  than  2  V  a 
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lifetime  exceeding  ten  years  (Fig.  2).  This  will 
provide  a  very  good  margin  at  the  expected 
maximum  operation  voltage  of  1.2  V  for  the  16 
Gbit  generation  [1].  After  soft  breakdown,  the 
current  level  has  increased  by  a  factor  of 
about  five  to  ten  and  exhibits  a  significant 
current  noise  (Fig.  1).  Our  samples  did  not 
show  a  major  change  of  the  general  shape  of 
the  current  voltage  characteristics  after  stress 
and  soft  breakdown  (Fig.  4).  The  breakdown 
charge  QBD  of  the  ultra  thin  dielectrics 
exponentially  increases  with  decreasing  stress 
voltage  (Fig.  3). 

Further  stress  experiments  were  carried  out 
using  an  AC  stress  voltage  (duty  cycle  1:1, 
Vmax  =  ±  4  V).  AC  stress  was  not  more 
detrimental  than  DC  stress.  The  change  of  the 
current  voltage  behavior  of  the  MOS 
capacitors  after  DC  and  after  AC  stress  was 
similar  (Fig.  5). 


4.  REPRODUCIBILITY 

The  current  voltage  characteristics  of  the 
MOS  capacitors  with  ultra  thin  oxide  films 
showed  a  significant  spread  across  a  wafer 
(Fig.  6).  The  gate  area  of  the  samples  was  10 
/mi2.  TEM  cross  sections  show  some  thickness 
variations  of  the  oxide  film  that  may  be 
generated  in  the  beginning  of  the  oxidation 
[2].  But,  these  variations  cannot  sufficiently 
explain  the  data  spread.  For  further  analysis, 
Conducting  Atomic  Force  Microscopy  [3]  was 
used  to  measure  the  surface  topography  and 
local  current  distribution  (Fig.  7).  Local  areas 
of  significantly  greater  current  densities  were 
found  that  may  control  the  current  across  the 
dielectric  films. 

We  observed  that  our  nitrided  oxide  (Fig. 
8a),  oxynitride  (Fig.  8b)  and  nitride  (Fig.  8c) 
films  showed  a  significantly  smaller  data 
spread  corresponding  with  a  better  uniformity 
of  the  film  on  a  microscopic  scale.  This  may  be 


caused  by  the  deposition  of  the  nitride  with  a 
low  pressure  in  the  hot  cluster  tool. 

Stressing  at  T  =  140°C  increases  only  very 
slightly  the  impact  of  stress  on  the  current 
voltage  behavior  (Fig.  9). 

5.  CONCLUSION 

Because  of  the  exponential  increase  of  the 
breakdown  charge  QBD  at  reduced  gate 
voltages,  it  can  be  expected  that  MOS 
transistors  of  the  16  Gbit  generation  with 
ultra  thin  dielectric  gate  films  will  meet  the 
10  years  reliability  specifications. 

A  problem  may  arise  for  the  reproducibility 
of  oxide  because  of  relatively  large  variations 
of  the  tunneling  current.  Nitrided  oxide, 
oxynitride  and  nitride  films  showed  a  much 
narrower  distribution  of  the  tunneling 
current. 

DC  and  AC  stress  affected  the  current 
voltage  characteristics  in  a  similar  manner. 
After  soft  breakdown,  the  current  increased 
by  about  one  decade.  Stressing  at  140°C 
accelerated  and  intesified  the  stress  only  very 
slightly. 

In  general,  ultra  thin  dielectric  films 
(thickness  <  2  nm)  may  be  usable  for  MOS 
transistors  of  the  16  Gbit  generation  and 
beyond. 
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Fig.  3  Breakdown  charge  in  dependence  of  the  DC  stress 
voltage.  Dielectrics:  s.  Fig.  2. 
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Fig.  6  Thin  oxide  films  show  a  significant  chip  to  chip  variation 
of  the  l-V  characteristics,  T0x=1-5  nm. 
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Abstract 

In  this  paper,  we  report  ultra  thin  high  quality 
nitride/oxide  gate  dielectrics  prepared  by  rapid  thermal 
NH3  nitridation  of  Si  followed  by  in-situ  N20  oxidation 
(NH3+N20  process).  These  films  show  excellent  interface 
properties,  significant  lower  leakage  current  (~102X), 
enhanced  reliability,  and  superior  boron  diffusion  barrier 
properties  compared  with  S1O2  of  identical  equivalent 
oxide  thickness  (Tox,eq). 

Introduction 

Formation  of  oxynitride  gate  dielectrics  using 
nitrogen-containing  gas  (i.e.,  N20,  NO)  has  been  widely 
studied,  and  improved  reliability  and  superior  resistance  to 
boron  diffusion  have  been  demonstrated  [1].  However,  as 
we  continue  to  scale  down  oxynitride  thickness,  the 
maximum  nitrogen  concentration  incorporated  through 
above  processes  becomes  less  for  a  given  thermal  budget 
process.  In  addition,  N  located  at  the  Si02/Si  interface  in 
these  processes  increases  fixed  charge  and  interface  trap 
densities,  and  reduces  peak  channel  mobility  [2],  In  this 
paper,  we  report  a  novel  method  to  enhance  nitrogen 
incorporation  with  N  located  away  from  Si02/Si  interface. 
This  not  only  blocks  boron  diffusion  effectively,  but  also 
increases  dielectric  constant  of  the  resulting  film  to 
achieve  thinner  equivalent  oxide  thickness  without 
degrading  SiCVSi  interface  properties 

Experiment 

Both  n+  poly  NMOS  and  p+  poly  PMOS  devices 
are  fabricated.  NH3-nitridation  of  Si  substrate  is  performed 
in  RTP  at  700~800°C  for  10  seconds  to  grow  ultra  thin 
Si3N4  layer,  followed  by  in-situ  N20  oxidation  at 
800~950°C  for  15-30  seconds.  N20  oxidation  temperature 
plays  an  important  role  in  controlling  final  film  thickness 
as  shown  in  Fig.  1.  Control  oxide  films  were  also  grown  in 
pure  02  in  the  same  RTP  system.  POCI3  doping  is  used  for 
n+-poly  gate  NMOS  and  BF2  ions  are  implanted  at  50  keV 
to  a  dose  of  5xl015  cm*2  for  p+-poly  PMOS.  The  amount 
of  boron  penetration  is  varied  by  changing  the  RTA  drive- 
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Fig.l  Effects  of  N20  oxidation  temperature  on  final  NH3+N20 
film  thickness.  N20  temperature  is  important  for  final  thickness 


in  conditions  for  p+-poly  PMOS  capacitors.  Equivalent 
oxide  thickness  (Tox,eq)  is  determined  by  high  frequency 
CV  curve  in  strong  accumulation  region  without 
considering  quantum  mechanical  effects. 

Results  and  Discussion 

A.  Interface  properties 

Fig.  2  shows  high  frequency  and  quasi-static  C-V 


Gate  Voltage  (V) 


Fig.2  High  and  quasi-static  C-V  curves  of  n+-po!y  NMOS 
capacitor  with  NH3+N20  film  Identical  value  indicate 
extremely  low  interface  state  density 
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Fig.  3  Hysteresis  characteristics  of  NH3+N20  film.  Stronger 
oxidizing  capability  of  N2O  anneal  eliminates  bulk  traps 
effectively,  resulting  in  negligible  amount  of  hysteresis. 


Fig.  4  High  frequency  C-V  curves  of  NH3+N20  films  of 
different  thickness.  Due  to  effectively  removed  H  and 
interfacial  oxide  grown  during  N2O  oxidation,  NH3+N20  films 
show  extremely  low  positive  fixed  charge,  which  results  in 
identical  Vfb(—0.86V)  with  different  Cox. 

curves  of  NH3+N20  film.  Contrary  to  conventional  Si3N4 
film  which  contains  high  interface  states,  smooth  transition 
in  depletion  region  and  identical  Cmm  value  of  NH3+N2O 
film  indicate  extremely  low  interface  state  density.  Angle- 
resolved  XPS  data  of  NH3+N20  films  indicated  an  ultra 
thin  (<10  A)  pure  SiC>2  layer  was  formed  between  Si3N4  and 
Si  after  N20  reoxidation  [3],  suggesting  N  is  removed 
away  from  Si02/Si  interface  during  N20  reoxidatioa  This 
result  is  very  significant  in  that  this  is  the  first  time  that  a 
nitride/oxide  stack  layer  is  realized  by  low  thermal  budget 
thermal  growth  process. 

Negligible  amount  of  hysteresis  (AVra  -  few  mV) 
is  observed  in  NH3+N20  film  as  shown  in  Fig.  3  due  to 
eliminated  bulk  traps  by  N20  oxidation.  Since  N20  has 
stronger  oxidizing  capability  compared  to  O2  [4],  N20 


Fig.5  High  frequency  C-V  curves  of  NH3+N20 
and  Si02  of  identical  equivalent  oxide  thickness. 
Vfb  difference  is  as  small  as  50mV. 


Gate  Voltage  (V) 


Fig.6  Jg-Vg  curves  of  NH3+N20  and  Si02  of  identical 
equivalent  oxide  thickness.  NH3+N20  exhibits 
significantly  low  leakage  current  probably  due  to  thicker 
physical  thickness 

anneal  is  more  effective  to  remove  defects  in  NH3  grown 
Si3N4  film.  Fig.  4  shows  high  frequency  C-V  curves  of 
NH3+N20  films  of  different  thickness.  Identical  Vra  values 
(Vfb~-0.86V)  with  different  Cox  imply  negligible  amount 
of  fixed  charge  in  these  films.  Since  positive  fixed  charges 
in  conventional  Si3N4  film  is  due  to  N-H  bonds  at  the 
interface,  N20  oxidation  of  NH3  grown  Si3N4,  which 
removes  H  effectively  and  grows  ultra  thin  interfacial 
oxide  layer,  allows  negligible  amount  of  positive  fixed 
charge  in  NH3+N20  film. 

B.  Low  leakage  current 

High  frequency  C-V  and  Jg-Vg  curves  of  both 
Si02  and  NH3+N20  films  of  identical  Tox,eq  are  shown  in 
Figs.  5,  6.  Significantly  lower  leakage  currents  are 
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Tox,eq  (A) 

Fig.7  Current  density  @Vg=-l  .5V  of  Si02,  N20  oxynitride 
and  NH3+N20  devices  with  respect  to  Tox,eq.  NH3+N20 
films  show  more  than  15X  lower  leakage  current  compared 
to  Si02  orN20  oxynitride 

obtained  in  entire  gate  bias  range  from  NH3+N20  films, 
while  the  flat  band  voltage  difference  between  NH3+N20 
and  control  SiQ?  is  as  small  as  50mV.  Effective  nitrogen 
incorporation  from  NH3-grown  Si3N4  layer  increases 
dielectric  constant,  which  allows  physically  thicker  film 
with  identical  Tox,eq  compared  to  Si(>2  or  N20  oxynitride. 
In  Fig.  7,  leakage  current  density  (@Vg=-1.5V)  is  plotted 
as  a  function  of  equivalent  oxide  thickness  for  Si02,  N20 
oxynitride,  and  NH3+N20.  More  than  102X  lower  leakage 
current  is  seen  for  NH3+N20  films  compared  to  SiC>2  or 
N20  oxynitride  of  identical  equivalent  oxide  thickness. 

C.  Suppression  of  boron  penetration. 

Fig.  8  shows  boron  penetration  characteristics  of 
NH3+N20  and  SiO*  NH3+N20  film  shows  virtually  no 
Vfb  shift  even  up  to  1050°C,  30  seconds  of  implantation 
anneal,  while  significant  Vfb  shift  is  observed  in  Si02  film 
due  to  bora  penetration.  Since  boron  penetration  becomes 
harder  as  N  concentration  of  gate  dielectric  increases  [5], 
complete  suppression  of  boron  penetration'  in  NH3+N20 
film  is  attributed  to  large  amount  of  N  incorporation  from 
thermally  grown  nitride. 

Large  amount  of  boron  penetration  enhanced  by 
fluorine  generates  traps  in  the  bulk  of  gate  oxide  [6],  which 
increases  leakage  current  at  low  field  regime  as  well  as 
degrades  reliability.  Boron  penetration-induced  low  field 
leakage  current  is  also  suppressed  effectively  in  NH3+N20 
films,  as  shown  in  Fig.  9,  implying  that  boron  penetration 
is  blocked  from  the  top  surface. 

D.  SILC  and  TDDB 

In  Fig.  10,  stress  induced  leakage  current  (SILC) 


Fig. 8  Comparison  of  boron  diffusion  barrier 
properties.  Suppression  of  boron  penetration  is 
observed  in  NH3+N20  films  even  up  harsh  drive  in 
condition  of  1050°C,30sec. 


Fig.  9  Boron  penetration  induced  low  field  leakage  current 
is  also  suppressed  effectively  in  NH3+N20  films  due  to 
less  trap  generation  during  boron  penetration 


characteristics  of  NH3+N20  and  control  oxide  are  shown. 
Gate  injection  stress  of  Vg=-3.5V  was  applied  for  lOOOsec 
and  leakage  current  increment  is  monitored  at  Vg=-1.5V. 
As  shown  in  the  figure,  stress  induced  leakage  current  after 
stress  is  found  to  be  much  higher  for  SiCb  compared  to 
NH3+N20  device,  and  Si02  films  tend  to  show  soft 
breakdown  characterisitcs  during  stress,  which  is  also 
known  as  B-mode  SILC  [7]. 

NH3+N20  has  higher  breakdown  field  with  tighter 
distribution  as  shown  in  Fig.  11.  A  10X  longer  time-to- 
breakdown  is  seen  in  n+  poly  NMOS  capacitor  with 
NH3+N20  at  a  given  electric  field  compared  to  SiC^  (Fig. 
13).  Recently,  gate  oxide  failure  is  reported  to  be  limiting 
factor  for  scaling  of  oxide  thickness,  since  time-to- 
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Fig.  10  Stress  induced  leakage  current  as  a  function  of 
stress  time  for  NH3+N20  and  Si02.  Si02  films  tend  to 
show  soft  breakdown  characteristics. 

breakdown  decreases  exponentially  with  increasing  gate 
leakage  current  [8],  Due  to  significantly  lower  leakage 
current,  NH3+N20  film  can  extend  scaling  limit  of  Si(>2  in 
terms  of  dielectric  reliability  as  well  as  stand-by  power 
consumption.  Projected  electric  field  for  10  years  lifetime 
of  NH3+N20  films  is  -12.5MV/cm.  For  substrate  injection 
condition  (positive  gate  bias)  on  p+  poly  PMOS  capacitor 
with  NH3+N2O  films,  even  higher  electric  field 
(13.2MV/cm)  at  10  years  lifetime  is  obtained  in  devices 
with  severe  drive-in  condition  (1050°C,  30seconds),  as 
shown  in  Fig.  12. 

Conclusion 

In  this  paper,  we  report  ultra  thin  high  quality 
nitride/oxide  gate  dielectrics  prepared  by  rapid  thermal 
NH3  nitridation  of  Si  followed  by  in-situ  N20  oxidation 
(NH3+N2O  process).  These  films  show  excellent  interface 


Electric  Field  (MV/cm) 

Fig.  11  Breakdown  field  distribution  of  NH3+N20  and 
Si02.  NH3+N2O  has  higher  and  tighter  breakdown 
field  distribution. 


Electric  Field  (MV/cm) 

Fig.  12  10  years  lifetime  projection  of  n+-poly  NMOS  capacitors 
with  NH3+N20  and  Si02j  and  NH3+N20  p+-poly  PMOS  for  two 
drive  conditions.  10X  longer  Tbd  is  seen  from  NH3+N20  than 
Si02. 

properties,  significant  lower  leakage  current  (~102X), 
enhanced  reliability,  and  superior  boron  diffusion  barrier 
properties  compared  with  Si02  of  identical  thickness. 
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Reliability  of  ultra-thin  gate  oxides  grown  in  low-pressure  N20  ambient  or  on  nitrogen- 
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The  influence  of  nitrogen  incorporated  at  the  gate  oxide  interface  on  the  reliability  and  electrical  behavior  of 
MOS  capacitors  was  investigated.  Incorporation  of  nitrogen  was  accomplished  either  by  either  rapid  thermal 
oxidation  (RTO)  in  N20  or  N20/02  atmosphere  at  pressures  between  75  to  500  mbar  or  by  implantation  of 
nitrogen  at  20keV  and  doses  between  1013to  1015  cm"2  into  the  substrate  prior  to  RTO.  Characterization  of 
MOS  capacitors  with  oxide  thicknesses  between  2.9  to  3.9  nm  was  achieved  by  reliability  measurements  at 
constant  current  or  constant  voltage  stress,  respectively.  These  measurements  were  correlated  to  the  nitrogen 
dose  at  the  gate  interface  which  was  determined  by  SIMS  analysis.  Stress  reliability  showed  a  sensitive 
dependence  on  the  processing  conditions.  An  accurate  adjustment  of  the  nitrogen  dose  at  the  gate  interface  is 
mandatory  to  attain  improved  reliability  of  nitrided  oxides. 


1.  INTRODUCTION 

Nitrogen  at  the  gate  oxide  interface  is  supposed  to 
harden  the  gate  oxide  in  order  to  increase  hot  carrier 
immunity  and  to  suppress  diffusion  of  boron  from  a 
p-type  gate  electrode  through  the  gate  oxide  [1,2]. 
This  becomes  of  great  importance  for  gate  oxide 
thicknesses  lower  than  4  nm  which  are  used  in  sub 
0.25  pm  device  generations  and  are  investigated  in 
this  work.  Rapid  thermal  oxidation  of  silicon  under 
low  pressure  in  an  environment  containing  N20  is 
known  as  an  alternative  and  promising  method  to 
grow  high-quality  ultra-thin  gate  oxides  [3].  Using 
low  pressure,  thickness  homogeneities  can  be 
improved  and  due  to  longer  process  times,  better 
process  control  can  be  achieved.  Moreover,  nitrogen 
implantation  into  the  substrate  prior  to  gate 
oxidation  offers  the  possibility  to  obtain  different 
oxide  thicknesses  of  high  quality  within  the 
same  manufacturing  process  e.g.  for  fabrication  of 
embedded  memories  [4]. 


2.  EXPERIMENTAL 

Gate  oxidation  in  N20  containing  ambient  at  low 
pressure  was  carried  out  in  a  rapid  thermal 
processing  system  using  02,  N20  or  1 : 1  N20/02  gas 
at  pressures  of  500,  150  and  75  mbar  on  p-type 
silicon  (100)  with  a  resistivity  of  4-6  Qcm.  The 
oxidation  temperature  was  1050  °C  and  the 
oxidation  times  were  adapted  to  the  individual 
pressures  to  yield  an  oxide  thickness  of  3.6  nm. 

For  oxides  grown  on  nitrogen  implanted  silicon, 
nitrogen  was  implanted  into  the  silicon  substrate  of 
PMOS  devices  through  a  24  nm  thick  screen  oxide 
at  an  energy  of  20  keV  and  at  doses  from  10*2  cm  2 
to  10 15  cm.  After  removing  the  screen  oxide,  gate 
oxides  were  grown  at  temperatures  of  1050  or 
1000  °C,  respectively,  at  a  pressure  of  500  mbar  in 
dry  oxygen  ambient  by  RTO.  Gate  electrodes  were 
formed  by  deposition  of  a  500  nm  thick  polysilicon 
layer  at  620  °C  and  additional  POCI3  diffusion  at 
950  °C  for  n-type  electrodes.  P-type  electrodes  were 
doped  by  implantation  of  BF2  (50  keV,  2-1015  cm"2) 


0167-9317/99/$  -  see  front  matter  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  SOI 67-93 1 7(99)003 38- X 


60 


A.  Bauer  et  al.  /  Microelectronic  Engineering  48  (1999)  59-62 


and  annealing  (1070  °C,  5  sec).  The  MOS  capacitors 
were  formed  using  lithography  and  etching. 

Gate  oxide  reliability  was  determined  by 
measuring  time-dependent  dielectric  breakdown 
(TDDB)  using  constant  current  stress  (CCS)  or 
constant  voltage  stress  (CVS),  respectively.  CCS 
measurements  were  performed  on  capacitors  with  an 
area  of  0.1  mm2  at  a  current  density  of  100  mA/cm2. 
CVS  measurements  were  conducted  on  capacitors 
with  an  area  of  0.02  mm2  at  field  strengths  from  12 
up  to  17  MV/cm.  During  the  CVS  measurements  the 
occurrence  of  soft-breakdowns  was  checked  by 
regularly  switching  to  a  lower  test  voltage  (2  V). 

The  nitrogen  concentration  at  the  gate  interface 
was  investigated  by  SIMS  analysis  using  CsN  ions 
to  minimize  matrix  effects  in  secondary  ion  yield. 
The  oxide  thicknesses  were  measured  by 
ellipsometry  using  a  refractive  index  of  1.46. 


3.  RESULTS 

For  gate  injection,  the  Qbd-distributions 
determined  by  CCS  measurements  show  almost 
parallel  spreads  in  their  Qbd-distributions.  As  a 
strong  polarity  gap  occurs,  for  substrate  injection 
Qbd-values  higher  than  100  C/cm2  and  unacceptably 
long  measurement  cycles  occured. 


Figure  1.  Oxides  grown  in  nitrogen  containing 
ambient.  63  %  Qbd-values  measured  by  CCS,  gate 
voltages  for  30  years  lifetime  extracted  from  CVS 
measurements  and  integrated  nitrogen  doses  at  the 
gate  interfaces. 


The  63  %  values  of  Qbd  for  the  oxides  grown  in 
atmospheres  containing  N2O  are  depicted  in 
figure  1.  The  reference  oxides  grown  in  O2  show  the 
lowest  63  %  Qbd-values.  A  slight  improvement  in 
Qbd  is  found  when  the  02-oxides  were  grown  at 
150mbar.  This  value  is  comparable  to  N20-oxides 
grown  at  150  and  500  mbar.  Regardless  of  pressure 
the  largest  Qbd-values  were  found  for  all  N2O/O2- 
oxides  and  for  the  75  mbar  lS^O-oxides.  The  latter 
show  the  best  results  with  respect  to  Qbd. 

Like  CCS,  the  CVS  measurements  yield  linear 
Weibull  distributions  for  the  tbd- values  (Fig.  2). 
Soft-breakdown  occurred  a  decent  time  before  hard- 
breakdown.  Compared  to  the  02-sample  and  the 
500  mbar  ^O-sample  the  Weibull-plots  of  the 
N2O/O2  and  the  N20-oxides  are  significantly  shifted 
to  higher  tbd-values. 


Figure  2.  tbd-distributions  determined  by  CVS 
measurements  for  gate  oxides  grown  in  O2,  N2O  or 
N2O/O2  atmosphere  at  low  pressure.  (Open  symbols 
for  soft-breakdown,  filled  symbols  for  hard- 
breakdown). 

Figure  3  illustrates  the  63  %  values  of  tbd  for  hard- 
breakdown  that  were  found  by  CVS  measurements 
at  different  gate  voltages.  In  order  to  compare  the 
individual  samples,  the  data  set  of  each  sample  was 
extrapolated  to  a  lifetime  of  30  years.  A  unique 
extrapolation  slope  was  used  for  all  samples  to 
account  for  statistical  variations.  The  corresponding 
voltages  for  30  years  lifetime  were  used  to  compare 
the  oxides’  reliabilities.  These  voltage  values  are 
also  depicted  in  figure  1 .  The  measured  data  sets  can 
be  divided  into  two  groups.  The  first  group,  which 
shows  significantly  shorter  operating  voltages 
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contains  the  02-samples  along  with  the  N2O- 
samples  that  were  grown  at  150  and  500  mbar.  The 
N20/02-samples  together  with  the  N20-sample 
grown  at  75  mbar  are  shifted  towards  higher 
operating  voltages. 


0  1  2  3  4  5  6 

VG(V) 


Figure  3.  63  %  tbd- values  for  hard-breakdown  from 
CVS  measurements  for  different  gate  voltages  of 
oxides  grown  in  O2,  N2O  or  N2O/O2  atmosphere  at 
1050  °C  by  RTO  at  low  pressure. 

When  oxides  are  grown  in  an  environment 
containing  N2O  nitrogen  piles  up  at  the  SiC^/Si- 
interface.  The  SIMS  measurements  of  the  nitrogen 
concentrations  were  carried  out  on  4.0  nm  oxides. 
Figure  1  shows  that  the  nitrogen  content  is  strongly 
influenced  by  oxidation  pressure.  For  the  oxides 
grown  in  pure  N2O  the  nitrogen  dose  increases  with 
pressure,  even  though  at  higher  pressures  shorter 
oxidation  times  are  required  for  the  same  thickness. 
When  oxides  are  grown  in  an  N2O/O2  ambient  the 
nitrogen  dose  is  hardly  affected  in  the  pressure  range 
from  500  down  to  150  mbar  whereas  a  further 
decrease  of  pressure  down  to  75  mbar  leads  to  a  rise 
of  the  nitrogen  dose  by  almost  a  factor  of  2.  In 
general,  the  nitrogen  dose  incorporated  into  the 
N20/C>2-oxides  is  significantly  smaller  than  that  of 
the  N20-oxides.  However,  the  concentrations  of  the 
N2O/O2  and  the  N20-oxide  grown  at  75  mbar  nearly 
coincide.  An  in-situ  N2  anneal  immediately  after 
oxidation  in  an  N2O  ambient  at  500  mbar  leads  to  a 
significant  drop  of  the  nitrogen  content  to  almost 
l/3rd  of  the  initial  dose. 

The  CCS  measurements  of  MOS  capacitors  on 
nitrogen  implanted  silicon  also  yield  a  linear 


dependence  of  the  Qbd-distributions  in  a  Weibull- 
plot.  The  63  %  values  of  Qbd  are  illustrated  in  figure 
4  with  respect  to  different  processing  conditions.  No 
unique  correlation  between  Qbd  and  the  processing 
parameters  is  observable.  The  largest  Qbd-values  are 
obtained  from  devices  with  a  nitrogen  implantation 
dose  of  10 13  and  1015  cm'2,  whereas  for  a  dose  of 
5-1013  cm'2  a  significant  decrease  in  the  63  %  value 
of  Qbd  occurs.  Thicker  oxides  show  higher  Qbd- 
values  for  the  same  nitrogen  implantation  dose.  An 
anneal  after  nitrogen  implantation  and  before  gate 
oxidation  did  not  influence  the  breakdown  behavior. 


3.3nm  3.4nm  2.9nm  3.4nm  3.8ran  anneal,  3.9nm 


Figure  4.  Oxidation  of  nitrogen  implanted  devices. 
63  %  Qbd-values  measured  at  CCS,  gate  voltages  for 
30  years  lifetime  extracted  from  CVS  measurements 
and  integrated  nitrogen  doses  at  the  gate  interface. 

To  confirm  the  CCS  measurements,  CVS 
measurements  on  nitrogen  implanted  oxides  are 
conducted.  In  figure  5,  the  63  %  values  of  tbd  are 
shown  for  different  applied  stress  voltages.  The 
values  of  each  sample  were  extrapolated  to  a 
corresponding  voltage  for  30  years  lifetime.  The 
relation  between  the  extrapolated  voltages  and  the 
processing  conditions  is  illustrated  in  figure  4.  It  was 
found  that  capacitors  with  an  implantation  dose  of 
1015  cm'2  reach  the  highest  lifetime  values. 
Whereas,  as  was  found  by  CCS  measurements^ 
capacitors  with  an  implantation  dose  of  5- 10  cm 
show  the  lowest  lifetime.  Here,  insufficient 
incorporation  of  the  nitrogen  at  the  gate  interface 
and  thus  formation  of  traps  occurs.  The  thicker 
oxides  show  a  smaller  slope  of  the  extrapolation  line 
and  thus  the  extrapolated  operating  voltages  are 
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lower.  Annealing  before  the  gate  oxidation  slightly 
increases  the  operating  voltage  for  30  years  lifetime. 


VG  (V) 

Figure  5.  63  %  tbd-values  of  MOS  capacitors  on 
nitrogen  implanted  silicon  for  different  gate 
voltages.  The  values  were  determined  by  CVS. 

From  SIMS  measurements,  a  pile-up  of  nitrogen 
at  the  Si02/Si-interface  is  observed.  The  nitrogen 
concentration  increases  with  the  implantation  dose. 
Performing  an  annealing  step  after  the  implantation 
lowers  the  nitrogen  concentration  significantly.  Due 
to  segregation  mechanisms,  the  detected  nitrogen 
dose  at  the  gate  interface  is  larger  than  the  implanted 
one,  as  is  illustrated  in  figure  4.  For  a  nitrogen 
implantation  dose  of  1015  cm’2  about  one 
monomolecular  nitrided  layer  is  formed  in  which 
also  silicon  nitride  precipitates  were  observed 
previously  [5].  At  lower  doses,  a  stoichiometric 
silicon  nitride  layer  cannot  be  formed  so  that  the 
incorporated  nitrogen  can  generate  traps  which 
decrease  the  oxide  reliability.  For  a  implantation 
dose  of  10 13  cm’2  and  for  the  annealed  sample  with 
an  implantation  dose  of  1015  cm’2  the  nitrogen 
concentration  at  the  SiCVSi-interface  is  comparable 
to  that  of  the  N2O  oxides.  In  case  of  annealing 
before  the  gate  oxidation  a  portion  of  the  nitrogen  is 
stripped  off  together  with  the  screen  oxide  and  the 
remaining  nitrogen  is  bound  on  lattice  sites  where 
also  crystal  tensions  can  be  formed  [5].  Therefore, 
the  process  parameters  have  to  be  adjusted  properly 
to  minimize  these  effects  and  to  maximize  the 
benefits  of  nitrogen  for  gate  oxide  reliability. 


4.  CONCLUSION 

Nitrogen  implantation  before  gate  oxidation  or 
N20-oxidation  are  both  suitable  to  reach  high  oxide 
reliability  if  the  amount  or  incorporated  nitrogen  is 
adjusted  properly.  For  an  implantation  dose  of 
10 15  cm"2  even  a  slightly  higher  reliability  as  for 
oxides  grown  in  dry  oxygen  ambient  can  be 
achieved  at  which  the  oxidation  time  is  ten  times 
longer  for  the  implanted  oxides.  Pressure  during 
N20-oxidation  was  also  a  suitable  parameter  to 
improve  the  gate  oxide  reliability,  where  the  highest 
reliability  values  were  obtained  form  N20/02- 
oxidation  or  N20-oxidation  at  75  mbar.  The 
experiments  show  that  the  amount  of  nitrogen  near 
the  gate  interface  is  not  the  only  parameter  that 
determines  the  oxide  quality.  CCS  and  CVS 
measurements  show  comparable  results  when  the 
thicknesses  of  the  compared  oxides  are  equal  and 
higher  than  3.5  nm.  For  thicknesses  below  3.5  nm 
only  the  CVS  measurement  yields  a  reliable 
statement.  Both  methods  are  eligible  to  improve  gate 
oxide  reliability  and  to  achieve  better  process 
control  with  respect  to  RTP. 
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PHOTOELECTRON  YIELD  SPECTROSCOPY  OF  ELECTRONIC  STATES  AT 
ULTRATHIN  SKtySi  INTERFACES 

S.  Miyazaki,  T.  Maruyama,  A.  Kohno  and  M.  Hirose 
Department  of  Electrical  Engineering,  Hiroshima  University 
Kagamiyama  1-4-1,  Higasi-Hiroshima  739-8527,  Japan 

Total  photoelectron  yield  spectroscopy  (PYS)  has  been  applied  to  evaluate  the  energy  distribution  of  electronic 
defect  states  for  ultrathin  SiO2(<4.5nm)/Si(100)  system.  The  novelty  and  usefulness  of  this  technique  have  been 
demonstrated  through  the  observation  of  the  reduction  in  defect  states  with  progressive  dilute-HF  treatment  for 
such  ultrathin  Si02/Si(100)  and  the  comparison  of  the  PYS  and  the  quasi-static  C-V  measurements  for  4.5nm-thick 
Si02/Si(100). 


1.  INTRODUCTION 

Controlling  electrically- active  defect  states  in  Si02 
and  near  the  Si02/Si  interface  is  a  matter  of  great 
importance  to  achieve  a  good  and  highly-reliable 
performance  for  metal-oxide-semiconductor  (MOS) 
devices.  Conventionally,  the  spatial  and  energy 
distribution  of  electronic  trapping  centers  of  Si02-Si 
system  has  been  evaluated  from  the  analysis  of 
capacitance-voltage  (C-V)  characteristics  for  MOS 
structures  [1].  However,  for  gate  oxides  thinner  than 
3nm  which  will  be  required  for  MOS  memories  in 
gigabit  generations,  difficulties  in  accurately  observing 
the  C-V  characteristics  emerge  because  of  high  leakage 
current  due  to  the  direct  tunneling.  To  overcome  the 
difficulties,  a  modified  C-V  method  with  a  non-contact 
electrode  [2]  or  an  electronic  circuit  for  tunnel-current 
compensation  [3]  has  been  developed,  and  also  an 
alternative  technique  using  x-ray  photoelectron 
spectroscopy  (XPS)  [4-6]  in  which  surface  band 
bending  due  to  electron  trapping  is  measured  from  the 
binding  energy  shit  for  core  level  photoemission  has 
been  demonstrated.  Even  such  techniques  are  only 
applicable  to  the  evaluation  of  defect  states  more  than 
101  ^m'VV’1  located  within  ±0.3eV  from  midgap  for 
ultrathin  (<3nm)  Si02/Si.  Recently,  we  have  reported 
a  novel  approach  to  the  study  of  the  energy  distribution 
of  surface  states  for  chemically-cleaned  Si  wafers  by 
using  total  photoelectron  yield  spectroscopy  (PYS)  and 
demonstrated  that  the  PYS  technique  enables  us  to 
evaluate  the  surface  state  density  as  low  as  10Pcnr2eV_1[7]. 

In  this  work,  for  ultrathin  Si02  (<4.5nm)/Si 
interfaces,  we  show  the  results  on  application  of  the 
PYS  technique  for  determining  the  energy  distribution 
of  the  defect  state  density  and  report  the  influence  of 
oxide  thinning  in  a  dilute  HF  solution  on  the  defect  states. 
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2.  EXPERIMENTAL 

Clean  oxides  with  thicknesses  of  1 .8  -  4.5nm  were 
grown  on  Si(100)  wafers  with  a  boron  concentration 
of  0.5-1. Ox  1015cm-3  or  a  phosphorous  concentration 
of  0.3-1. Ox  1019cm"3  in  2%  02  diluted  with  N2  at  900- 
1000°C  or  in  pure  02  at  700-800°C.  The  total 
photoelectron  yields  for  the  SiO2/Si(100)  samples  so 
prepared  were  measured  as  a  function  of  incident 
photon  energy  in  the  range  from  4  to  6eV  with  an 
energy  resolution  of  ~20meV  to  evaluate  electronic 
defect  states  in  the  Si  bandgap  near  the  interface.  Some 
of  the  Si02  layers  grown  at  1000°C  were  etched  back 
stepwise  in  a  0.1  %HF  solution  and  followed  by  pure 
water  rising.  At  each  Si02-thinning  step,  very 
homogeneous  Si02  etching  was  confirmed  by  AFM 
measurements  and  then  total  photoelectron  yield 
measurements  were  carried  out  to  examine  the  change 
in  defect  states  by  the  dilute  HF  treatment.  The  details 
of  the  experimental  technique  have  been  given 
elsewhere[7,  8]. 

3.  RESULTS  AND  DISCUSSIONS 

Typical  PYS  spectra  for  as-grown  SiO2/n+Si(100) 
are  compared  with  that  for  H-terminated  n+Si(100)  in 
Fig.  1.  For  Si02/n+Si  (100),  the  valence  electrons  of 
the  Si02  layer  can  not  contribute  to  the  yield  in  this 
energy  region  because  of  the  Si02  energy  bandgap  of 
~8.9eV[9]  and  a  yield  reduction  due  to  the  scattering 
of  photoelectrons  escaping  through  the  Si02  layer 
should  be  taken  into  account.  Under  flat  band 
condition,  since  the  photoemission  from  the  Si  valence 
band  starts  at  an  incident  photon  energy  of  5.15eV, 
which  corresponds  to  the  energy  separation  between 
the  valence  band  edge  and  the  vacuum  level,  observed 
yields  for  photons  below  ~5eV  are  attributable  to 
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photoemission  from  filled  gap  states  at  the  interface  measured  from  the  vacuum  level,  the  photoemission 

and  the  surface.  Notice  that  no  significant  difference  yield  below  the  indirect  excitation  threshold  reflects 

in  the  spectral  shape  between  the  yields  from  2.5nm-  the  gap  state  distribution  at  H-terminated  n+Si  surface 

thick  SiO2/n+Si(100)  and  4.5nm-thick  SiO2/n+Si(100)  or  the  Si02/Si  interface  in  an  integrated  form, 

is  observed  except  the  absolute  intensity,  which  Although  the  origin  of  the  observed  surface  states  for 

indicates  that  the  contribution  from  the  defect  states  H-terminated  n+Si  remains  unclear,  a  small  amount  of 

in  Si02  at  least  2.5nm  away  from  the  interface  is  oxidation  as  confirmed  from  weak  02p  signals  at  a 

negligible.  In  order  to  differentiate  between  binding  energy  of  7eV  in  the  UPS  valence  band 

photoemissions  from  the  Si  valence  band  and  gap  spectrum,  which  could  occur  during  air  exposure  and 

states,  the  photoemission  yield  from  the  valence  band  pure  water  rinse,  might  be  responsible  for  this  surface 

were  characterized  by  power  law  dependence  which  states.  Considering  the  energy  shift  in  Ev  and  the  oxide 

is  theoretically  predicted  [10]  and  empirically  well-  thickness,  the  escape  depth  for  electrons  excited  by 

accepted[l  1,  12].  As  shown  in  Fig. 2,  the  threshold  5.3-6eV  photons  is  determined  to  be  2.2nm.  To  derive 

energies  for  direct  and  indirect  excitations  from  the  Si  the  energy  distribution  of  occupied  states  from  the 

valence  band  with  nearly  parabolic  density  of  states  to  observed  PYS  spectrum,  we  assumed  the  following: 

the  vacuum  level  were  determined  from  the  linear  plot  (1)  For  the  electron  emissions  induced  by  4-6  eV 

and  the  cubic  root  plot  for  the  yield  spectrum,  photons,  the  electron  escape  depths  for  Si02  and  Si 

respectively.  The  direct  and  indirect  threshold  energies  are  kept  constant  at  2.2nm  and  2.5nm  [12], 

for  the  Si02/n+Si  sample  shift  toward  the  higher  photon  respectively.  (2)  The  energy  dependence  of  ionization 

energy  side  by  50meV  from  those  for  H-terminated  cross-section  of  localized  defect  states  can  be 

Si.  This  could  be  interpreted  in  terms  of  the  negative  neglected.  These  assumptions  seem  to  be  valid  taking 

charge-up  of  the  Si02  layer  and/or  a  number  of  into  the  fact  that  a  quite  similar  yield  spectrum  is 

interface  states  which  result  in  the  upward  surface  band  measured  irrespective  of  the  Si02  thickness, 

bending.  Since  the  indirect  excitation  threshold  energy  Furthermore,  to  a  first  approximation,  XPS  valence 
corresponds  to  the  Si  valence  band  maximum  Ev  band  data  of  c-Si  reflects  the  real  density-of-states 
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Fig.  1  PYS  spectra  for  as-grown  Si02  (2.5nm  or  4.5  Fig.  2  Cubic  root  plots  of  the  PYS  spectra  as-grown 
nm,  1000°C)/n+Si(100)  and  H-terminated  n+Si(100)  2.5nm-thick  SiO2/n+Si(100)  and  H-terminated 
which  was  obtained  by  a  removal  of  as-grown  2.5nm-  n+Si(  100)  represented  in  Fig.  1 .  Inset  shows  linear 

thick  Si02  layer  with  a  4.5%  HF  solution.  plots  in  a  higher  energy  region. 
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distribution  in  the  valence  band  and  thus  the 
photoelectron  yield  Ys  at  an  energy  Es  (typically  5.7eV) 
above  the  direct  transition  threshold  Ejd  can  be  crudely 
converted  into  the  density  of  states  by 

Ys=Ps^(Ns/Nt)exp(-tox/X0) 

where  ps  is  the  density  of  valence  electrons  in  c-Si 
(2xl023cm'3),  Xs  and  A,0  are  the  photoelectron  escape 
depths  for  c-Si  and  Si02,  Ns/Nt  is  the  ratio  of  the  states 
integrated  within  Es  from  the  valence  band  maximum 
Ev  to  the  sum  total  of  the  valence  states  in  the  XPS 
valence  band  spectrum  and  tox  is  the  oxide  thickness. 
And  then,  from  the  first  derivative  of  the  yield  spectrum 
with  respect  to  photon  energy  [13],  the  energy  distribu¬ 
tion  of  occupied  states  existing  above  Ev  of  Si  from 
the  observed  PYS  spectrum  was  quantified  .  Figure  3 
shows  the  energy  distribution  of  occupied  states  so 
derived  from  each  PYS  spectrum.  In  this  figure,  the 
influence  of  oxidation  temperature  on  the  defect  state 
distribution  was  also  represented  for  2.5nm-thick  Si02/ 
n+Si(100).  Provided  that  the  density  of  states  at  the 
donor  level  is  equal  to  the  donor  concentration  in  bulk 
Si,  unoccupied  state  density  near  the  conduction  band 
edge  is  also  deduced  from  considering  the  surface 
Fermi  level  position  as  indicated  with  narrow  lines  in 
the  figure.  Even  for  1000°C  as-grown  Si02/n+Si,  the 
defect  state  density  near  midgap  is  as  high  as 
SxlO^cm-2  eV'1  independent  of  the  oxide  thickness. 
And  obviously,  the  lower  oxidation  temperature,  the 


Fig.  3  Energy  distributions  of  density  of  states 
determined  from  PYS  spectra  for  as-grown 
Si02(2.5nm  or  4.5nm)/n+Si(100),  and  H-terminated 
n+Si(  100).  Bold  curves,  circles,  triangles,  squares  and 
dots  denote  occupied  states.  The  sum  of  occupied  and 
unoccupied  states  for  each  sample  is  indicated  by  a 
narrow  curve. 


higher  defect  state  density  in  the  Si  band  gap  as  reported 
from  C- V  characteristics  of  MOS  capacitors  with  thick 
Si02  [14].  Figure  4  shows  the  energy  distribution  of 
occupied  states  obtained  at  each  Si02-thinning  step.  It 
is  evident  that  the  defect  states  above  midgap  are 
reduced  with  progressive  Si02-thinning.  A  similar 
result  was  obtained  for  the  Si02/p-Si  system  as 
represented  in  Fig.  5.  This  suggests  that  hydrogen 
atoms  diffuse  into  the  Si02  layer  and  passivate  the 
interface  states  during  the  HF  etching.  Consistently, 
the  fact  that  the  photoemission  yield  decreased  by  the 
oxide  thinning  is  partly  recovered  by  800°C  annealing 
for  lOmin  in  N2  can  be  explained  by  the  thermal 
dissociation  of  hydrogen-induced  defect  passivation. 
Figure  6  shows  comparison  of  the  energy  distribution 
of  the  defect  state  density  determined  from  PYS 
measurements  and  that  from  quasi-static  C-V 
measurements  for  as-grown  4.5nm-thick  Si02/p- 
Si(100).  Because  the  PYS  technique  enables  us  to 
measure  not  only  filled  gap  states  at  the  Si02/Si 
interface  but  also  electron  trapping  states  in  Si02  near 
the  interface  whose  response  time  is  too  slow  to  be 
detected  with  the  quasi-static  C-V  method,  that  tends 
to  provide  higher  density  of  defect  states  than  the  value 
determined  by  the  C-V  method.  In  fact,  the  midgap 


E  -  Ev  (eV) 


Fig.  4  Energy  distributions  of  density  of  states 
determined  from  PYS  spectra  for  as-grown 
Si02(2.5nm,  1000°C)/n+Si(100),  HF-treated  Si02  (2.3 
or  2.1nm,  1000°C)/n+Si(100)  and  H-terminated 
n+Si(100).  Bold  curves,  circles  and  dots  denote 
occupied  states.  The  sum  of  occupied  and  unoccupied 
states  for  each  sample  is  indicated  by  a  narrow  curve. 
Defect  density  at  0.8eV  from  the  valence  band  edge 
Ev  and  midgap  state  density  as  a  function  of  the  oxide 
thickness  are  also  shown  in  the  inset. 
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Fig.  5  Energy  distributions  of  occupied  state  densities 
for  HF-treated  Si02  (1 .5nm,  1000°C)/p-Si(  100)  before 
and  after  800°C  annealing  for  lOmin  in  N2.  Those  for 
as-grown  Si02(2.5  or  3.8nm,  1000°C)/p-Si(100)  and 
H-terminated  p-Si(100)  are  also  shown  as  references. 

density  determined  by  the  PYS  technique  is  about  one 
order  of  magnitude  higher  than  that  determined  by  the 
quasi-static  C-V  method.  It  is  interesting  to  note  that 
almost  the  same  amount  of  the  gap  state  density  is 
obtained  at  0.2  eV  from  the  valence  band  edge  by  both 
methods  and  if  we  assume  the  quasi  EF  position  for 
electrons  during  PYS  measurements  is  located  at  0.85 
eV  from  the  valence  band,  the  gap  state  distribution  in 
the  region  above  0.85eV  is  in  a  good  agreement  with 
the  result  of  the  C-V  method.  These  may  support  the 
validity  of  assumptions  made  in  deriving  the  gap  state 
distribution  from  the  PYS  spectrum. 

4.  CONCLUSIONS 

Total  photoelectron  yield  spectroscopy  for  ultrathin 
Si02/Si  enables  us  to  quantify  the  energy  distribution 
of  electronic  defects  states  over  nearly  entire  band- 
gap  of  Si  with  a  high  enough  sensitivity  for  detect  states 
as  low  as  lO^cm'^eV-*.  As-grown  defect  states  in 
ultrathin  Si02/Si  are  passivated  significantly  by 
hydrogen  in  dilute  HF  etching  as  confirmed  by  highly 
sensitive  PYS  measurements. 
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Ultrathin  (<3nm)  gate  dielectrics  made  by  plasma  nitridation  of  Si02  films  have  been 
studied  by  a  combination  of  physical  (ellipsometry,  Nuclear  Reaction  Analysis,  Medium 
Energy  Ion  Scattering,  and  Atomic  Force  Microscopy)  and  electrical  (C-V,  I-V,  and  constant 
voltage  stress)  methods.  The  main  observation  we  report  here  is  a  reduction  of  leakage 
current  in  the  nitrided  oxides  at  the  expense  of  reduced  (peak)  mobility,  flatband  voltage 
shift  (for  high  concentration  of  incorporated  nitrogen)  and  lower  breakdown  strength. 


1.  INTRODUCTION 

As  the  thickness  of  gate  dielectrics  in 
ULSI  devices  shrinks  below  3  nm,  boron 
penetration  from  poly-Si  gate,  direct  tunneling 
currents,  and  oxide  reliability  become 
significant  limiting  further  CMOS  gate  oxide 
scaling.  Recent  work  [1]  has  emphasized  that 
dielectric  reliability  may  limit  thin  oxides  for 
logic  applications  with  the  limit  for  the 
(quantum-mechanical  [2])  thickness  of  Si02 
films  being  approximately  ~2.4  nm.  This  work 
also  showed  that  orders  of  magnitude 
improvement  in  dielectric  reliability  is 
required  in  order  to  meet  the  SIA  roadmap 
requirements.  [1]  Leakage  current  exceeds  the 
limit  of  ~lA/cm2  for  Si02  films  thinner  than  ~ 
1.7  nm  [2].  Nitrided  Si02  films  are  considered 
as  a  short-term  replacement  for  pure  Si02. 
Thermal  (oxy)nitridation  in  N2O  [3]  or  NO  [4] 
helps  to  reduce  boron  penetration.  However, 
the  concentration  of  nitrogen  incorporated  into 
the  film  during  thermal  NO  or  N2O  processes 
is  typically  below  lxlO15  N/cm2  (<15%)  [4], 
which  is  not  enough  to  increase  the  dielectric 
constant  of  the  film  and,  consequently,  reduce 
the  leakage  currents.  In  addition,  these 
processes  do  not  offer  significant  (i.e.  orders  of 
magnitude)  reliability  improvements. 

The  goal  of  this  work  is  to  demonstrate 
the  electrical  and  physical  characterization 
methodology  required  to  assess  novel  dielectric 
materials  with  lower  leakage  current  and 
reliability  as  the  key  benchmarks.  For  this 
study,  we  focussed  on  understanding  a  variety 
of  plasma  processed  nitride  films  with  nitrogen 
concentrations  higher  >1x10! 5  N/cm2. 


2.  EXPERIMENTAL 

Ultrathin  2-2.5  nm  SiC>2  oxides  were 
thermally  grown  on  8"  Si  p-type  wafers  after 
wet-chemical  clean.  This  step  was  followed  by 
nitridation  of  the  Si02  films  in  N2  or  NH3 
plasmas  [5-8].  We  explore  the  nitridation  as  a 
function  of  plasma  power  (in  the  100-1000  W 
range),  pressure,  and  time.  After  nitridation, 
the  films  (on  patterned  wafers)  were  subjected 
to  rapid  thermal  anneal  in  nitrogen  to  reduce 
plasma-induced  damage.  (RTA  anneal  was  not 
performed  on  unpattemed  wafers  used  for 
materials  analysis).  After  defining  gate  stack 
in  the  above  way  (and  poly  Si  deposition), 
patterned  wafers  were  sent  to  conventional 
CMOS  processing  to  complete  MOSCAP  and 
MOSFET  structures. 

After  device  fabrication,  the  films 
were  characterized  for  materials  and  electrical 
properties.  Materials  analysis  included 
ellipsometry  (both  single  wavelength  and 
spectroscopic)  for  optical  thickness 
measurements,  nitrogen  nuclear  reaction 
analysis  (NRA)  to  measure  integrated  amount 
of  nitrogen  in  the  film,  medium  energy  ion 
scattering  (MEIS)  for  depth  profiling,  and 
AFM  to  monitor  surface  roughness.  Electrical 
measurements  were  performed  on  capacitor 
and  transistor  structures  (with  poly-Si  gate)  of 
different  sizes  using  high-frequency  C-V,  ramp 
I-V  and  constant  voltage  stress  techniques.  As 
TBD  measurements  alone  are  not  sufficient, 
both  Qbd  and  leakage  currents  were  measured 
independently  in  order  to  fully  evaluate  the 
quality  of  a  dielectric  film. 
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3.  RESULTS  AND  DISCUSSION 


nitrogen  concentration  based  on  optical  and 
electrical  electrical  measurements. 


We  found  that  plasma  nitridation  is  an 
efficient  way  of  nitrogen  incorporation  into 
initial  Si02  films.  We  were  able  to  control 
(integrated)  nitrogen  concentration  in  the 
films  in  the  range  of  5x1 014  -  5xl015  N/cm2  by 
varying  plasma  power,  pressure,  nitridation 
time  and  nitrogen  source  (N2  and  NH3).  These 
amounts  are  much  higher  than  that  of  typical 
nitrogen  concentration  in  ultrathin  thermally 
grown  oxynitrides. 
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Fig.  1  Electrical  (quantum-mechanical 
thickness  defined  in  the  accumulation  at  -2.1 
V)  and  optical  thickness  (measured  with  the 
refractive  index  of  n=1.46)  as  a  function  of 
nitridation. 

Ellipsometric  thickness  increases  as 
function  of  nitrogen  concentration,  whereas 
electrical  thickness  of  the  dielectric  almost 
doesn't  change  after  oxide  nitridation  (Fig.  1) 
These  observations  can  be  explained  by  an 
increase  in  the  dielectric  constant  of  the  films 
(which  results  in  thinner  equivalent  electrical 
oxide  thickness)  and  higher  value  of  the 
refractive  index  (i.e.  thicker  optical  thickness, 
respectively)  [9]. 

Fig.  2  shows  the  difference  between  the 
electrical  and  optical  (at  fixed  n=1.46) 
thickness  deduced  from  the  data  presented  on 
Fig.  1  as  well  as  other  results  for  NO  and  N2O 
based  thermal  oxynitrides.  One  should  point 
out  here  that  the  difference  can  be  used  as  a 
crude  method  (calibration  curve)  to  estimate 
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Fig.  2  Open  squares  correspond  to  thermally 
grown  N2O  oxynitrides,  solid  circles  and 
triangles  to  NO  based  films,  and  open 
diamonds  to  films  after  plasma  nitridation. 

One  could  think  about  plasma 
nitridation  as  about  an  energetic  process 
which  may  change  (i.e  roughen)  oxide  film 
morphology.  Non-contact  AFM  analysis 
demonstrated  that  the  RMS  value  of  the 
surface  roughness  after  nitridation  was  ~  0.1 1 
nm,  similar  to  that  of  the  initial  film  (~0.15 
nm). 

The  very  good  thickness  uniformity 
has  also  been  observed  in  C-V  and  I-V 
measurements  (Fig.  3).  On  both  plots  and  for 
both  processes,  data  from  16  devices  over  8" 
wafers  were  taken  and  analyzed.  The  analysis 
resulted  in  a  very  good  la  variation  of 
approximately  0.02  nm. 

One  can  clear  see  from  Fig.  3  that  gate 
leakage  current  is  lower  for  the  gate  dielectrics 
nitrided  by  plasma  compared  to  that  of  control 
Si02  of  similar  thickness.  (The  similarity  of 
the  thicknesses  is  evidenced  from  very  similar 
capacitance  for  the  two  processes  (see  upper 
part  of  the  Fig.  3).  The  leakage  current 
reduction  (normalized  to  flatband  voltage  shift 
for  high  nitrogen  concentrations  -  see  (Fig.  4 
below)  can  be  as  much  as  approximately  one 
order  of  magnitude  depending  on  the 
concentration  of  incorporated  nitrogen. 
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Fig.  3  Capacitance-voltage  and  gate  current- 
voltage  characteristics  of  NzO-grown  reference 
film  (solid  lines)  and  film  after  plasma 
nitridation  (dot  line). 

One  can  see  from  the  analysis  of  the  C- 
V  curves  on  Fig.  3,  there  is  a  shift  in  flatband 
voltage  for  nitrided  films.  On  Fig.  4,  we  plot 
flatband  voltage  as  a  function  of  nitrogen 
concentration.  One  can  see  a  linear 
dependence  of  the  flatband  voltage  on  nitrogen 
concentration.  For  high  concentrations,  the 
shift  may  be  too  large  to  be  compensated  by 
ion  implant  engineering.  In  transistor 
structures,  this  effect  reflects  in  threshold 
voltage  shift  we  also  observed.  We  and  others 
believe  nitrogen  atoms  are  the  source  of 
positive  charge  in  the  film.  This  could  be  an 
explanation  of  the  large  shift  for  higher 
concentration  of  incorporated  nitrogen. 

Another  detrimental  effect  of  nitrogen 
located  close  to  the  gate  is  degradation  of 
channel  mobility  (Fig.  5).  NMOSFET  peak 


(low-field)  mobility  (Gm_Peak)  was  observed  to 
decrease  proportionally  to  the  amount  of 
incorporated  nitrogen.  One  should  mention 
however  that  high-field  mobility  may  still  be 
comparable  with  Si02  what  was  demonstrated 
for  other  nitrided  systems. 
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Fig.  4  Flatband  voltage  for  NMOS  capacitors. 
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Fig.  5  Peak  mobility  (normalized  with  respect 
to  control  Si02  film). 

The  reason  for  reduced  channel 
mobility  may  be  same  as  that  of  flatband 
voltage  shift,  namely  nitrogen  located  too  close 
to  the  SiCVSi  interface.  MEIS  analysis  was 
performed  to  address  the  nitrogen  localization 
issue.  Modeling  of  the  MEIS  spectrum  shown 
on  Fig.  6  resulted  in  the  following  result.  The 
thickness  of  the  oxynitride  layer  for  this 
particular  film  is  -  1.5  nm  and  only  ~0.6  nm  of 
the  interfacial  oxide  is  nitrogen-free. 
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Backscattered  (He+)  energy,  keV 


Fig.  6  MEIS  spectrum  for  plasma  nitrided  film. 

Finally,  we  note  that  plasma  induced 
damage  may  be  an  issue  as  it  may  be  reflected 
in  lower  dielectric  strength  (lower  Qbd)  . 

4.  SUMMARY 

Plasma  nitridation  of  ultrathin  SiC>2 
oxides  has  been  evaluated  by  electrical  and 
physical  methods.  We  found  this 

manufacturable  process  offers  good  thickness 
uniformity  and  reduced  leakage  current. 
However,  there  is  a  flatband  voltage  shift  and 
reduced  peak  mobility.  Both  of  the 
detrimental  effects  may  be  large  at  high 
nitrogen  concentrations.  In  addition  plasma 
induced  damage  may  effect  oxide  reliability 
properties. 
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We  have  reported  both  the  experimental  results  of  the  flat  interface  formation  and  its  mechanism  based  upon 
the  theoretical  analysis  of  the  oxygen  radical  transport  in  the  grown  Si02.  We  obtained  the  logarithmic 
dependence  of  the  oxide  film  thickness  on  the  oxidation  time  on  the  assumption  that  the  deactivation  of  the 
oxygen  radicals  is  proportional  to  the  concentration.  The  characteristic  length  of  the  oxygen  radicals  plays  an 
important  role  in  forming  the  flat  interface. 


1.  Introduction 

The  downscaling  of  ULSIs  requires  the  ultra-thin 
gate  oxides  with  higher  electrical  reliability.  It  is 
important  that  the  flatness  of  the  initial  surface  of  Si 
wafer  is  maintained  in  order  to  obtaine  the  flat 
SiCySi  interface  [1].  However  there  are  many 
points  with  the  local  roughness  at  the  practical  Si 
surface,  just  before  the  gate  oxidation  in  the  ULSI 
process.  The  interface  of  SiO^Si  plays  an  important 
role  in  the  device  reliability.  Recently,  we  have 
found  the  oxygen  radical  oxidation  can  produce 
tougher  Si02  and  the  atomically-flat  interface, 
compared  with  the  conventional  dry  oxidation 
process  [2]. 

In  this  paper,  we  investigate  the  mechanism  of  the 
atomically-flat  SiCVSi  interface  formation,  based  on 
the  radical  oxidation  kinetics. 

2.  Experimental  Results  and  Discussion 

Details  of  the  experimental  apparatus  and 
procedure  have  been  presented  in  another  paper  [2]. 
In  order  to  analyze  the  kinetics  of  the  radical 
oxidation,  experiments  on  radical  and  dry  oxidation 
were  carried  out  under  the  conditions  of  oxidation 
temperatures  in  the  range  700  °C  to  900  °C,  and 
oxidation  pressures  of  5  Torr  and  760  Torr. 


2.1  Formation  of  Atomically-FIat  Interface 

Figure  1  shows  a  cross-sectional  transmission- 
electron-microscopy  (TEM)  photograph  of  the 
SiCVSi  interface  obtained  by  the  radical  oxidation  at 
the  10  nm  oxide  thickness,  compared  with  the 
conventional  dry  oxidation. 


Fig.l  Transmission-Electron-Microscopy  (TEM) 
photograph  of  the  SiO^S^lOO)  interface  produced 
by  the  radical  oxidation  at  900  °C  at  10-nm  oxide 
thickness  (a),  compared  with  the  conventional  dry 
oxidation  (b)  [2]. 
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The  atomically-flat  interface  can  be  clearly 
recognized  in  the  radical  oxidation.  Such  a  flat 
interface  cannot  be  obtained  in  the  dry  oxidation, 
where  there  are  many  silicon  micro-clusters  appeared 
at  the  interface  at  the  same  oxide  thickness..  We 
defined  the  height  of  silicon  clusters  appeared  at  the 
SiCVSi  interface  as  the  interface  roughness.  It  is  the 
peak-to-peak  hight  in  the  TEM  photograph,  where 
the  distance  between  the  silicon  lattice  images  in 
[100]  is  0.14  nm. 

Figure  2  shows  the  dependence  of  the  interface 
roughness  on  the  oxide  thickness  in  the  radical  and 
dry  oxidation  at  900-1000  °C.  The  interface 
roughness  decreases  monotonously  with  increase 
in  the  oxide  thickness  in  both  the  radical  and  dry 
oxidation  [1],  while  solid  and  doted  lines  are  for 
guidance  only.  The  interface  roughness  of  the  radical 
oxide  decreases  more  rapidly  than  that  of  the  dry 
oxide  does  [2].  We  think  that  the  dependence  of  the 
interface  roughness  on  the  oxide  film  thickness 
reflects  the  kinetics  of  the  oxide  growth  in  the  radical 
oxidation. 


Tox  (nm) 

Fig.2  Dependence  of  the  interface  roughness  on 
the  oxide  thickness  in  the  radical  and  dry  oxidation 
[2].  Solid  and  doted  lines  are  for  guidance  only. 

2.2  Radical  Oxidation  Kinetics 

In  order  to  clarify  the  mechanism  of  the  flat 
interface  formation,  we  analyzed  the  growth  kinetics 
of  the  radical  oxidation.  Figure  3  shows  the 
oxidation  time  dependence  of  the  Si02  film  thickness 
at  900  °C  in  the  radical  and  dry  oxidation. 

The  radical  oxidation  proceeds  rapidly,  compared 
with  the  dry  oxidation  at  the  same  oxidation  pressure 
of  5  Torr,  which  shows  the  high  reactivity  of  the 
oxygen  radicals  with  Si  atoms.  Furthermore,  the 
radical  oxidation  proceeds  rapidly  at  the  initial  stage 
of  the  oxidation  and  slows  down  quickly  with 
increase  in  the  film  thickness,  as  shown  in  Fig.4. 


Fig.3  Dependence  of  the  Si02  film  thickness  on  the 
oxidation  time  at  900  °C  in  the  radical  and  dry 
oxidation  (5  Torr).  Solid  lines  are  for  guidance  only. 


Fig.4  Dependence  of  the  Si02  film  thickness  on  the 
oxidation  time  as  a  function  of  the  oxidation 
temperature  in  the  radical  oxidation  (5  Torr).  Solid 
lines  are  for  guidance  only. 

In  order  to  clarify  the  rapid  oxidation  of  the 
initial  stage  in  the  radical  oxidation,  we  evaluated  the 
initial  oxidation  rate  of  the  radical  oxidation.  Figure 
5  shows  the  temperature  dependence  of  the  reaction 
rate  R  of  the  oxygen  radical  with  Si  atoms,  compared 
with  the  linear  coefficient  B/A  of  the  Deal-Grove 
model  in  the  dry  oxidation.  R  has  very  large  values 
and  is  insensitive  to  the  ambient  temperature. 

It  is  important  that  the  initial  oxidation  proceeds 
rapidly  and  that  the  oxide  growth  is  significantly 
suppressed  with  increase  in  the  oxide  film  thickness. 
This  fact  strongly  suggests  that  the  diffusion  of 
oxygen  radicals  to  the  SiCVSi  interface  is 
suppressed  as  the  oxide  layer  grows  thicker.  We 
think  that  the  deactivation  of  the  oxygen  radicals 
occurs  partially  during  the  diffusion  through  the 
Si02. 
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Fig.5  Arrhenius  plot  of  the  initial  oxidation  rate  R 
in  the  radical  oxidation  and  the  B/A  coefficient  of 
the  Deal-Grove  model  in  the  dry  oxidation.  R  is  the 
reaction  rate  of  the  oxygen  radicals  with  Si  atoms, 
and  shows  little  temperature  dependence. 


In  order  to  explain  the  effect  of  the  deactivation, 
we  considered  the  mass  transfer  equation  with  the 
effect  of  the  deactivation  of  the  oxygen  radicals  as 
schematically  described  in  Fig.6. 


Fig.6  Models  of  the  deactivation  of  the  oxygen 
radicals  during  the  diffusion  through  the  growing 
oxide.  D  is  the  diffusion  coefficient  of  the  oxygen 
radicals,  and  Cq,  Cs,  Qj,  Q,  Q,  and  C(x)  are 
concentrations  of  radicals  in  the  bulk  of  the  gas,  at 
the  surface,  at  the  outer  surface  of  the  oxide,  at  the 
initial  oxide  thickness,  at  the  SiO^Si  interface,  at  a 
distance  x,  respectively.  R  is  the  reaction  rate  of  the 
oxygen  radicals  to  Si,  and  Ni  is  the  number  of 
oxygen  atoms  incorporated  into  a  unit  volume  of 
oxide  (2.3xl022  cm'3).  See  reference  3. 

Under  the  assumption  of  a  steady  state  condition, 
the  mass  transfer  equation  is  as  follows, 

-S<d-§).g(q,  (i) 


where  x  is  the  oxide  film  thickness,  C  is  the 
concentration  of  the  oxygen  radicals,  D  is  the 
diffusion  constant  of  the  oxygen  radicals  in  Si02 


(assumed  to  be  constant  in  the  present  case),  and 
G(C)  is  the  function  representing  the  deactivation 
effect  of  the  oxygen  radicals. 

For  the  most  simple  case,  we  assume  that  the 
deactivation  of  the  oxygen  radicals  is  proportional  to 
their  concentration,  that  is,  G(C)=C/t  (t  is  the  life 
time  of  the  oxygen  radicals),  and  then  solved 
equation  (1).  In  this  case,  we  can  solve  equation  (1) 
analytically,  and  there  is  logarithmic  dependence 
of  the  oxide  film  thickness  x  on  the  oxidation  time 
t  (direct  logarithmic  relation), 

x  =  a  ln(t+c)  +  b,  (2) 

C(x)  =  Coexp(-x/a)  (3) 

where  a,  b  and  c  are  constants,  and  Co  is  the 
concentration  of  the  oxygen  radicals  at  the  outer 
surface  of  the  oxide. 

The  experimental  results  are  well  fitted  to  the 
theoretical  ones  with  Eq.  (2)  as  shown  in  Fig.7,  in 
which  solid  lines  denote  results  fitted  with  the 
parameters  listed  in  Table  1  based  on  Equation  (2). 

We  assumed  that  the  diffusion  constant  of  the 
oxygen  radicals  are  constant  in  our  theorital 
treatment.  We  think  that  our  model  is  not  only  one. 
If  we  assumed  the  variable  diffusion  constant  of  the 
oxygen  radicals  without  the  deactivation  of  the 
oxyen  radicals,  we  should  obtaine  another  oxidation 
scheme.  In  this  case,  however,  the  physical  meaning 
of  the  oxygen  radicals  is  not  so  clear  as  that  in  our 
present  model. 


Fig.7  The  dependence  of  oxide  thickness  on  the 
oxidation  time.  Solid  lines  denote  results  fitted  with 
parameters  listed  in  Table  1,  based  on  Eq.(2).  The 
slope  of  each  line  means  the  characteristic  length  a. 
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Table  1  List  of  parameters  a,  b,  and  c 


T(°C) 

a(nm) 

b  (nm) 

c  (min) 

700 

1.6 

0.5 

1.0 

800 

2.0 

0.18 

1.5 

900 

3.5 

0.0 

2.0 

2.3  Flat-Interface  Formation  Mechanism 

The  parameter  “a”,  which  is  (Dr)0'5,  represents  the 
characteristic  length  of  the  oxygen  radicals.  Oxygen 
radicals  move  this  distance  decreasing  exponentially 
(Eq.3).  As  shown  in  Fig.8,  the  diffusion  of  the 
oxygen  radicals  is  strongly  suppressed  in  the  direct 
logarithmic  scheme,  compared  with  the  conventional 
Deal-Grove  model,  in  which  the  oxidant  species  are 
directly  proportional  to  the  gradient  of  the  oxidant 
concentration.  Then,  the  concentration  of  the 
oxygen  radicals  at  the  SiCVSi  interface  becomes 
extremely  low  with  increase  in  the  oxide  film 
thickness,  as  shown  in  Fig.  8,  which  is  important  in 
the  formation  of  the  atomically-flat  interface  of  the 
SiOz/Si. 


Fig.8  Schematic  view  describing  lower 
concentration  of  the  oxygen  radicals  in  the  direct 
logarithmic  relation,  compared  with  a  case  of  the 
linear  decay  of  the  concentration,  “a”  is  the 
characteristic  length  of  the  oxygen  radicals. 

The  reaction  of  oxygen  radicals  with  Si  atoms  is 
very  fast,  as  shown  in  Fig.5.  Thus,  under  the  small 
concentration  of  the  oxygen  radicals,  the  radicals 
mainly  react  with  Si  atoms  in  the  region  with  the 
length  “a”,  while  they  cannot  interact  with  Si  atoms 
outside  of  the  “a”  length.  In  the  other  point  of  view. 
Si  atoms  constructing  Si  micro-clusters  appeared  at 
the  SiCySi  interface  interact  only  the  oxygen 
radicals  in  the  region  with  the  “a”  length.  In  the  case 
of  larger  value  of  “a”,  the  oxidation  of  Si  atoms  in 
the  micro-clusters  proceeds  more  rapidly,  “a”  has  a 
temperature  dependence  as  shown  in  Table  1,  which 
means  that  the  flatness  is  obtained  relatively  faster  in 
the  higher  temperature  oxygen  radical  process. 

It  is  difficult  to  achieve  the  flat  interface  in  the 


reaction-limited  region  [4],  which  is  same  as  that  in 
the  Deal-Grove  process  [3].  Thus,  it  is  inferred  that 
the  diffusion  of  oxygen  radical  in  grown  Si02  might 
be  responsible  for  the  flat  interface.  The  parameter 
“0”  has  a  physical  meaning  of  the  characteristic 
length  in  which  the  diffusion  of  oxygen  radical  can 
influence  the  oxidation  process.  In  that  sense,  “a” 
can  be  called  as  “the  interface  roughness  screening 
length”  in  the  radical  oxidation.  This  is 
schematically  described  in  Fig.9. 


Fig.  9  Schematic  view  describing  the  atomically  flat 
interface  formation.  Oxygen  atoms  in  the  region  of 
“a”  react  to  the  local  Si  roughness  at  the  interface.  In 
the  case  of  large  “a”  value,  the  interface  becomes 
flat  faster  more  easily. 

3.  Summary 

We  report  both  the  experimental  results  of  the  flat 
interface  formation  and  its  mechanism  based  upon 
the  theoretical  analysis  of  the  oxygen  radical 
transport  in  the  grown  Si02.  TTiese  results 
demonstrate  the  kinetics  of  the  radical  oxidation  of 
Si  on  the  assumption  of  oxygen-radical 
deactivation.  We  obtained  the  logarithmic 
dependence  of  the  oxide  film  thickness  on  the 
oxidation  time  on  the  assumption  that  the 
deactivation  of  the  oxygen  radicals  is  proportional  to 
the  concentration.  The  characteristic  length  “ a ”  of 
the  oxygen  radicals  plays  an  important  role  in 
forming  the  flat  interface.  We  propose  the  radical 
oxidation  is  a  very  promising  process  to  control  the 
Si02  uniformity  and  its  reliability. 
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Morphology  and  electronic  properties  of  hydrogenated  Si  surfaces  are  studied  by  scanning  tunneling  micros¬ 
copy  and  by  methods  of  surface  photovoltage  and  photoluminescence  (PL),  respectively.  The  microscopic 
roughness  on  the  nm  scale  is  more  important  than  the  macroscopic  roughness  of  a  hydrogenated  Si  surface  for 
the  densities  of  nonradiative  surface  defects  and  hole  traps.  The  adsorption  of  water  or  oxygen  molecules  on  a 
hydrogenated  Si  surface  leads  to  an  increase  of  the  intensity  of  interband  PL  of  c-Si  which  is  controlled  by  sur¬ 
face  nonradiative  recombination.  This  effect  is  interpreted  as  a  decrease  of  the  recombination  cross  section  of  a 
nonradiative  surface  defect  due  to  charge  trapped  at  the  adsorbed  molecules. 


1.  INTRODUCTION 

Hydrogenated  Si  surfaces  are  important  not  only 
for  ultraclean  processing  of  semiconductor  devices 
[1].  Reactive  surface  sites  and/or  adsorbed  mole¬ 
cules  at  hydrogenated  Si  surfaces  can  be  used,  for 
example,  for  the  modification  of  Si  surfaces  and 
interfaces  at  low  temperatures  by  grafting  [2].  This 
is  of  interest  for  the  connection  of  Si  based  elec¬ 
tronic  devices  with  organic  materials.  However,  the 
control  of  the  density  and  distribution  of  reactive 
surface  sites  such  as  dangling  bonds  (DBs)  and  of 
adsorbed  molecules  and  their  correlation  with  the 
morphology  of  hydrogenated  Si  surfaces  has  not 
been  well  studied  up  to  now. 

The  density  of  the  interface  states  (Dltmm)  and  of 
the  concentration  of  nonradiative  (nr)  surface  de¬ 
fects  at  Si  surfaces  can  be  measured  ex-situ  and  in- 
situ  by  the  pulsed  surface  photovoltage  (SPV)  [3,4] 
and  photoluminescence  techniques  (PL)  [5,6],  re¬ 
spectively.  Recently  we  showed  by  quantitative 
analysis  the  sensitivity  of  the  pulsed  PL  technique 


to  the  nr  defect  concentration  in  very  broad  range  of 
concentrations  [7]. 

In  the  present  work  we  describe  effects  of  the 
local  surface  structure  on  electronic  properties  of 
hydrogenated  Si  surfaces.  In  the  first  two  parts  we 
summarize  known  facts  concerning  Djtmin  and  posi¬ 
tive  charging  of  hydrogenated  Si  surfaces.  New 
experimental  results  are  presented  in  the  next  two 
parts.  Methods  of  scanning  tunneling  microscopy 
(STM),  SPV  and  PL  are  used.  Experimental  details 
are  skipped  for  shortness  (the  respective  references 
are  given). 

2.  SURFACE  MORPHOLOGY  AND 

Different  types  of  hydrogenated  Si  surfaces  can 
be  distinguished  by  their  surface  morphology.  Si 
surfaces  treated  in  concentrated  HF  are  hydrogen¬ 
ated  [8]  but  not  atomically  flat  [9].  Atomically  flat 
and  ideally  hydrogenated  Si  surfaces  are  obtained 
on  Si(lll)  facets  after  treatment  in  NH4F  solution 
[9,  10].  The  values  of  Ditmin  are  in  the  order  of  1012 
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[4,11]  and  below  10u  eV^cm"2  [12]  for  HF  and 
NH4F  treated  Si(lll)  surfaces,  respectively.  The 
surfaces  of  as-prepared  porous  Si  are  also  hydro¬ 
genated  [13]  and  well  passivated  <  1011  eV" 
^m'2  [14]).  The  lowest  values  for  Dltmm  (Ditmm  « 
1010  eV'Vm'2  [15])  were  reached  on  electrochemi- 
cally  hydrogenated  Si  surfaces.  The  most  important 
step  for  the  electrochemical  hydrogenation  is  the 
anodic  oxidation  in  the  oscillating  regime  [16] 
which  produces  a  macroscopically  rough  surface 
[17]  (see  also  this  work). 


3.  POSITIVE  CHARGING 

Hydrogenated  Si  surfaces  are  in  general  posi¬ 
tively  charged  (see,  for  example,  [17]  and  refs, 
therein).  The  values  of  “fixed’  positive  charge  (Qf), 
hysteresis  and  Ditmin  measured  by  SPV  depend 
sensitively  on  the  conditions  of  the  measurement 
[17].  The  hole  traps  at  hydrogenated  Si  surfaces  are 
relatively  slow.  A  correlation  between  Qf,  hystere¬ 
sis  and  Dltmm  was  observed  [17].  The  largest  values 
of  Ditmm  are  found  for  hydrogenated  Si  surfaces 
with  the  largest  hysteresis  and  Qf. 


h  — 0  0  —  h 


Figure  1.  Configuration  for  a  Si  dangling  bond  - 
[H502]+  complex  surrounded  by  physisorbed  water 
molecules. 


The  origin  of  hole  traps  at  hydrogenated  Si  sur¬ 
faces  was  discussed  from  the  point  of  view  of 
chemi-  and  physisorbed  water  molecules  [17].  Wa¬ 


ter  molecules  are  of  the  donor  type  [18]  and  they 
form  charged  complexes  as  [H502]+.  The  hole  traps 
are  localized,  in  our  opinion,  near  the  defects  which 
are  responsible  for  the  quenching  of  the  PL  inten¬ 
sity  since  the  anticorrelation  between  Ditmm  and  the 
PL  intensity  is  well.  Figure  1  shows  an  example  for 
a  respective  configuration.  A  DB  serves  in  this  case 
as  the  initial  adsorption  site  for  a  water  molecule. 

4.  ROLE  OF  MICROROUGHNESS 

STM  micrographs  of  Si(lll)  surfaces  hydro¬ 
genated  electrochemically  after  anodic  oxidation  in 
the  oscillating  regime  for  2  and  30  min  are  com¬ 
pared  in  figure  2.  The  electrochemically  treated  Si 
surfaces  contain  pore  like  structures  on  the  scale  of 
some  of  10  nm.  The  depth  of  these  structures  is  less 
than  5  nm.  The  pore  like  structures  are  more  pro¬ 
nounced  and  small  protrusions  diminished  for 
longer  time  of  anodic  oxidation  in  the  oscillating 
regime.  We  remark  that  the  surface  structure  of  the 
electrochemically  hydrogenated  Si  surfaces  weakly 
depends  on  the  orientation  of  the  crystal. 

The  formation  of  a  hydrogenated  Si  surface  can 
be  monitored  in-situ  by  die  anodic  current  transient 
and  by  the  stroboscopically  probed  PL  intensity. 
Examples  are  presented  in  figure  3.  The  chemical 
etching  of  the  oxide  and  Si  is  currentless.  The  for¬ 
mation  of  the  hydrogenated  Si  surface  is  character¬ 
ized  by  an  anodic  current  transient  [16]  and  by  a 
strong  increase  of  the  PL  intensity  due  to  the  passi¬ 
vation  of  reactive  surface  sites.  The  PL  intensity 
reaches  the  maximum  when  the  anodic  current 
transient  levels  out.  The  maximum  of  the  PL  inten¬ 
sity  is  higher  after  longer  anodic  oxidation  in  the 
oscillating  regime,  i.e.  for  the  surface  with  the 
lower  micro-roughness. 

Nonradiative  surface  defects  are  located  at 
steps,  kinks  etc.  which  are  responsible  for  the  mi¬ 
cro-roughness.  This  is  confirmed  also  by  spectro¬ 
scopic  ellipsometry  and  SPV  at  BHF  treated 
Si(l  11)  surfaces  [19],  The  probability  of  the  forma¬ 
tion  of  DBs  by  oxidation  of  Si  backbonds  is  rela¬ 
tively  high  at  surface  steps  or  comers.  Microscopi¬ 
cally  smooth  hydrogenated  Si  surfaces  are  stabi¬ 
lized  and  therefore  less  reactive  [20]. 
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Figure  2.  STM  micrographs  of  Si(lll)  surfaces 
hydrogenated  electrochemically  after  anodic  oxida¬ 
tion  in  the  oscillating  regime  for  2  (a)  and  30  (b) 
min.  See  for  the  experimental  details  [17]. 


Figure  3.  Anodic  current  transient  (a)  and  time 
dependent  PL  intensity  (b)  during  the  formation  of 
a  hydrogenated  Si  surface  after  anodic  oxidation  in 
the  oscillating  regime  for  2  and  30  min.  See  for  the 
experimental  details  [6]  and  [15]. 


5.  EFFECT  OF  MOLECULE  ADSORPTION 

Figure  4  shows  an  example  for  the  influence  of 
adsorbed  water  and  oxygen  molecules  at  a  hydro¬ 
genated  Si  surface  on  the  photovoltage  (Uph)  and  on 
the  PL  intensity  in  the  case  of  HF  treated  p-Si(l  1 1). 
The  photovoltage  and  PL  signals  were  excited  with 
a  laser  diode  (wavelength  902  nm,  pulse  duration 
150  ns)  and  with  a  N2  laser  (wavelength  337  nm, 
pulse  duration  0.5  ns),  respectively.  The  signal  of 
interband  PL  (1.1  jim)  of  c-Si  was  used  as  a  probe 
of  surface  nonradiat ive  defect  density.  The  experi¬ 
mental  details  of  PL  and  SPV  measurements  are 
described  in  [5-7]  and  [15],  respectively.  The  Uph 
and  PL  measurements  were  carried  out  in  different 
high  vacuum  chambers  (oil  free  vacuum,  basic 
pressure  10'6  mbar).  The  sample  was  moved  away 
from  the  mica  spacer  during  the  adsorption  proce¬ 
dure  of  the  SPV  experiment.  The  reversibility  of  the 
Uph  and  PL  signals  was  very  good  during  the  ad- 
soprtion/pumping  cycles. 

The  value  of  I  Uph  I  increased  for  adsorption  of 
water  molecules  and  decreased  for  adsorption  of 
oxygen  molecules.  This  is  not  surprising  since  wa¬ 
ter  and  oxygen  molecules  are  of  the  donor  type  or 
acceptor  type,  respectively  [18]. 

The  PL  intensity  increased  strongly  after  ad¬ 
sorption  of  both  water  and  oxygen  molecules,  while 
the  increase  was  stronger  for  the  adsorption  of  wa¬ 
ter  molecules.  The  relative  increase  of  the  PL  inten¬ 
sity  was  independent  of  the  absolute  value  of  the 
PL  intensity,  i.e.  on  the  initial  concentration  of  nr 
surface  defects.  We  remark  that  the  PL  intensity 
was  independent  of  illumination  with  bias  light 
while  |  UPh  I  dropped  under  bias  light. 

The  stationary  values  of  |  Uph  I  and  PL  intensity 
were  reached  some  minutes  after  switching  from 
high  vacuum  to  the  H20  or  02  atmospheres.  This 
shows  that  some  charge  transfer  to  adsorbed  water 
or  oxygen  molecules  is  necessary  to  influence 
|  UPh  I  and  PL  intensity.  We  point  out  that  the  fea¬ 
tures  demonstrated  in  figure  4  are  characteristic  for 
all  hydrogenated  Si  surfaces  independent  of  type  of 
hydrogenation,  doping  level,  type  of  doping  and 
crystallographic  orientation. 
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Figure  4.  Photovoltage  (a)  and  PL  intensity  (b)  for  a 
hydrogenated  Si  surface  in  high  vacuum  and  in 
water  or  oxygen  atmospheres. 

The  dependence  of  UPh  and  PL  intensity  on  the 
adsorption  of  water  and  oxygen  molecules  gives 
evidence  that  the  increase  of  the  PL  intensity  is  not 
induced  by  changes  of  the  surface  band  bending. 
The  excellent  reversibility  suggests  that  the  number 
of  nr  surface  defects  is  constant  during  the  adsorp¬ 
tion  experiments.  Therefore,  the  adsorbed  mole¬ 
cules  directly  influence  the  capture  cross  sections 
for  electrons  and  holes  of  the  nr  surface  defects. 


6.  CONCLUSIONS 

The  electronic  properties  of  hydrogenated  Si 
surfaces  are  determined  by  complexes  consisting  of 
defects  like  DBs  and  adsorbed  molecules  as  shown 
in  figure  1.  The  surface  defects  are  located  at  mi¬ 
croscopic  imperfections  on  the  hydrogenated  Si 
surface  and  serve  as  initial  adsorption  sites  for  wa¬ 
ter  molecules.  The  capture  cross  sections  of  the 
defects  depend  strongly  on  adsorbed  molecules. 
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Al/SiO2(2.0-2.5  nm)/p-Si  tunnel  junction  as  a  light  emitter 

N.  Aslia*,  S.V.  Gastevb,  I.V.  Grekhov15*,  P.  Seegebrechta, 

A.F.  Shulekinb* ,  S.E.  Tyaginovb*,  M.I.  Vexlera*  and  H.  Zimmermanna 
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Polytechnicheskaya  Str.  26,  194021  St. -Petersburg,  Russia 

Room-temperature  hot  electron  luminescence  of  MOS  tunnel  diodes  has  been  experimentally  studied.  Complete 
radiation  spectra  axe  presented  for  the  first  time  for  the  direct-tunneling  regime.  Essential  parameters  are:  oxide 
thickness  2.0... 2.5  nm,  doping  level  2  •  1018  cm-3,  current  density  ~  102  A/cm2,  and  photon  energy  0.73.. .3.2  eV. 


1.  INTRODUCTION 

Today,  there  is  no  necessity  to  motivate  the 
actuality  of  a  study  of  MOS  structures  with  an 
ultrathin  ( dox  ~  2.0  nm)  oxide  layer,  considered 
as  basic  components  of  future  MOSFETs  [1]. 

Hot-electron-induced  light  emission  belongs  to 
those  aspects  of  their  operation,  which  have  so  far 
received  relatively  little  attention.  Just  several 
papers  on  the  luminescence  of  MOS  diodes  with 
a  sub-3  nm  insulator  layer  can  be  cited  [2,3]. 

The  results  of  investigation  of  light  generation 
in  such  structures  would  naturally  find  their  place 
as  extension  of  a  series  of  previous  works  on  op¬ 
tical  properties  of  MOS  devices  with  different  ox¬ 
ide  thickness.  By  varying  dox ,  one  can  “shift”  the 
range  of  electron  and  photon  energies  where  con¬ 
venient  and  reliable  measurements  may  be  per¬ 
formed.  For  any  given  dox ,  the  apparent  restric¬ 
tion  at  high  electron  energies  is  the  damage  of 
structures  and  at  low  energies  is  the  impossibility 
of  detecting  light  (too  low  currents  J). 

2.  CONCEPTS  OF  LUMINESCENCE 

In  the  diodes  on  p- Si,  monoenergetic  hot  elec¬ 
trons  (HE)  are  injected  into  the  semiconductor 
under  the  accumulation  (forward  bias)  condition. 
In  this  case,  their  initial  energy  E  can  be  unequiv- 


*This  work  was  supported  by  DAAD,  AvH-Stiftung, 
RFFR  and  “Nanostructures”. 


ocally  defined  as  the  difference  of  the  Fermi  level 
of  the  metal  and  the  conduction  band  edge  within 
the  quasi-neutral  Si  (Fig.l).  Such  a  definition  is 
justified  since  the  electron  mean  free  path  A  sub¬ 
stantially  exceeds  the  accumulation  layer  width 
[3].  The  value  of  E  depends  on  the  applied  bias 


Figure  1.  Radiative  transitions  in  the  Al/Si02/p- 
Si  diode  (an  example). 


and  is  suggested  to  govern  the  luminescence  spec¬ 
trum  of  a  tunnel  MOS  structure. 

Injected  HE  are  involved  in  radiative  intraband 
(IB)  transitions  inside  the  conduction  band(s)  of 
Si  as  well  as  in  radiative  recombination  (RR)  with 
holes.  Both  these  types  of  transitions  may  be  di¬ 
rect  or  indirect  in  the  fc-space,  with  corresponding 
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limitations  for  the  photon  energies  Tiu)  introduced 
by  E  and  by  the  band  structure  of  Si  (Fig.l).  For 
example,  the  spectral  range  of  direct  IB  transi¬ 
tions  is  Tiu  =  [0 ...Edir(E)]  (Fig.l). 

A  light  quantum  is  usually  emitted,  if  any,  after 
the  multiple  phonon  scattering  events.  No  peak 
in  the  HE  radiation  spectra  associated  with  the 
initial  electron  energy  should  therefore  appear. 
These  spectra  could  be  estimated  as 

d(hu)  ~  2q  hu0  J  r~h  (E)  d(hu) 

In  this  equation,  dr^1  /  d(hu)  is  the  rate  of  photon 
emission  in  Si  in  the  spectral  range  of  [hu . . .  Tiu + 
d(/kj)],  is  a  phonon  scattering  rate  and  Tiujq 
is  optical  phonon  energy.  Practically,  however,  it 
is  not  easy  to  perform  the  calculations,  because 
of  the  lack  of  reliable  data  on  dr^1  /  d(hu) . 

Light  emission  in  the  near -Eg  range  is  addition¬ 
ally  contributed  to  by  the  radiative  recombination 
of  thermalized  electrons.  The  intensity  of  this 
component  is  proportional  to  the  electron  lifetime 
and  behaves  roughly  as  exp  (—hu/kT),  being  su¬ 
perimposed  to  the  spectrum  given  by  Eq.(l). 

3.  TECHNICAL  DETAILS 

3.1.  Sample  fabrication 

We  have  fabricated  and  investigated  the  tun¬ 
nel  MOS  diodes  Al/Si02/p-Si  (111)  with  accep¬ 
tor  concentration  Na  of  2  •  1018  cm-3.  Thin  oxide 
films  ( dox  =  2.0... 2.5  nm)  were  grown  by  oxida¬ 
tion  in  dry  02  at  700  °C.  Non-transparent  circu¬ 
lar  Al  electrodes  (area  S  =  1.26  •  10-3  cm2)  were 
deposited  at  200  °C. 

3.2.  Characterization 

Forward-bias  current- voltage  characteristics  of 
our  samples  are  shown  on  Fig.  2.  They  remained 
unchanged  during  the  measurements.  The  elec¬ 
tron  energy  was  practically  estimated  as 

E  «  qV  -  Eg  (2) 

where  V  is  to  be  understood  as  the  applied  bias 
corrected,  if  necessary,  for  the  parasitic  contact 
and  ohmic  voltage  drops. 

The  radiation  emitted  along  the  border  of  an  Al 
electrode  was  transmitted  (via  a  glass  waveguide 


estimated  electron  energy  E,  eV 


V,  Volts 


Figure  2.  Current- volt  age  characteristics  of  stud¬ 
ied  MOS  tunnel  structures. 


with  6  mm  diameter)  either  to  the  monochroma¬ 
tor  and  further  to  the  photomultiplier  (hcj  >1.4 
eV)  or  to  the  appropriate  optical  filters  and  an 
InGaAs-detector  {Tiu  >  0.73  eV). 

The  measurements  were  performed  at  300  K. 

4.  RESULTS  OF  OPTICAL  MEASURE¬ 
MENTS  AND  THEIR  DISCUSSION 

4.1.  Measurement  of  intensity 

For  a  forward-biased  diode  we  measured  the 
detector-limited  light  intensity  I  in  the  spectral 
ranges  of  Tiu  =  [0.73. ..1.00  eV]  and  [1.4. ..3. 5  eV] 
using  adequate  filters  for  selecting  the  range  of 
[hu;min...hujmax}-  Each  dependency  of  the  ratio 
of  intensity  I  to  the  diode  current  J  on  the  bias 
V  (Fig.3)  is  characterized  by  a  certain  threshold 
voltage  Vthr •  However,  for  hu  =  [1.4... 3. 5  eV] 
there  is  some  intensity  even  in  the  sub-threshold 
region  ( V  <  Vthr)-  This  is  a  quite  natural  result. 
Indeed,  the  photons  with  hu  =  [0.73. ..1.00  eV] 
cannot  be  produced  by  recombination,  and  there 
is  no  light  in  this  range  up  to  E  &  Tiu)min  =  0.73 
eV  (i.e.  up  to  Vthr  =  1  /q  •  (E  -b  Eg)  &  1.8  V, 
Fig.3).  Conversely,  in  the  spectral  range  of  huj  = 
[1.4... 3.5  eV]  there  is  some  recombination-related 
intensity  at  lower  electron  energies  E  than  1.4  eV. 

Similar  measurements  were  performed  in  [2]  us¬ 
ing  MOS  structures  with  dox  ~  3  nm.  In  [2], 
the  values  of  hujmin  were  rather  high  (>1.7  eV) 
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estimated  electron  energy  E,  eV 


Figure  3.  Light  intensity  in  two  different  spectral 
ranges,  depending  on  the  applied  bias. 


and  the  threshold  voltages  Vthr  have  been  re¬ 
ferred  to  the  condition  bumin  =  E<nr ,  not  to 
hjjmin  =  E.  However,  this  does  not  contradict 
our  results,  since  in  our  case,  i.e.  for  E  <  1.5  eV, 
Edir  «  E  -  (0.7  -  %/E)2  ~  E  (E  is  in  eV). 

4.2.  Measurement  of  spectra 

The  spectra  were  recorded  for  the  Al/Si02/p-Si 
diodes  with  two  oxide  thicknesses  (Figs.4,5). 

As  it  should  have  been  expected,  the  enhance¬ 
ment  of  V  leads  to  the  shift  of  a  high-energy  bor¬ 
der  of  the  HE-IB-spectrum  to  the  right  (Fig.4). 
Similar  effect  could  be  deduced  from  an  inspec¬ 
tion  of  Fig. 3.  But  in  Fig.4  we  are  dealing  with  rel¬ 
atively  high  E ,  and  the  borders  of  the  IB-spectra 
are  seen  to  correspond  to  hu  «  Edir  rather  than 
to  hu  «  E  (e.g.,  for  V  =  4.1  V,  we  have  E  =  3.0 
eV  and  Edir  ~  2.5  eV  [2],  see  also  Eq.(2)).  This 
observation  supports  the  statement  of  [2]  about 
the  dominant  role  of  direct  IB-processes. 

For  the  sample  with  dox  =  2.0  nm,  the  elec¬ 
tron  energy  E  did  not  exceed  1.4  eV  (V  <  2.5 
V,  higher  voltages  were  not  tolerated),  so  that 
the  contribution  of  intraband  processes  remained 
outside  Fig.5,  plotted  only  for  hu  >  1.4  eV. 

At  hu  higher  than  the  high-energy  border  of 
the  direct  IB  luminescence  (Edir)  one  can  see  a 


Figure  4.  Radiation  spectra  of  MOS  tunnel  struc¬ 
ture  with  dox  ~  2.5  nm.  Along  the  vertical  axis, 
the  values  of  ln(d//d[7iu/])  in  a.u.  are  presented. 


Figure  5.  Spectra  of  a  diode  with  dox  =  2.0  nm. 


weak  signal  (Fig.4)  arising  from  the  indirect  IB- 
transitions  (hu  <  E)  and  RR  (Eg  <  hu  <  E  + 
Eg).  In  Fig.5,  the  radiation  throughout  the  entire 
spectral  range  is  due  to  recombination. 

These  data  complete  the  results  obtained  in  [2] 
for  thicker  MOS  structures.  Namely,  the  small¬ 
ness  of  dox  in  our  devices  enabled  us  to  perform 
exact  measurements  in  the  range  of  lower  electron 
and/or  photon  energies  E ,  hu  than  in  [2]  as  well 
as  to  observe  a  HE-RR  component,  whose  relative 
role  reduces  with  increasing  E  [4]. 

Note  also  that  at  lowest  photon  energies  falling 
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into  Figs.4,5  (<  1.5  eV)  there  is  a  substantial  in¬ 
crease  of  intensity  originating  probably  from  a  re¬ 
combination  of  already  thermalized  electrons. 

Possible  features  of  spectra  owing  to  the  direct 
recombination  processes  (hu  ~  3.4  eV,  ~  4.3  eV) 
need  to  be  studied  separately. 

5.  ADDITIONAL  REMARKS 

5.1.  On  the  oxide  degradation 

Our  preliminary  results  suggest  that  light  emis¬ 
sion  from  the  tunnel  MOS  diodes  on  p- Si  should 
not  be  strongly  affected  by  the  oxide  degrada¬ 
tion.  An  evidence  for  this  statement  is  provided 
in  Fig. 6  where  the  same  dependencies  as  in  Fig.3 
(i.e.  I /  J)  are  shown  for  a  structure  before  and  af¬ 
ter  the  stress.  The  stress-induced  enhancement  of 


Figure  6.  The  ratio  I/J  for  a  diode  measured 
before  and  after  the  oxide  damage.  Inset  corre¬ 
sponding  current-voltage  characteristics. 


J  is  large,  but  the  values  of  I/J  are  not  changed 
as  dramatically,  i.e.  the  radiation  intensity  has  in¬ 
creased  roughly  proportional  to  the  current.  Pos¬ 
sible  explanation  assumes  that  the  degradation 
may  eventually  be  formalized  as  a  local  “thin¬ 
ning”  of  the  oxide  film.  The  electron  energy  E 
is  set  by  V  (Eq.(2))  and  is  independent  on  dox • 
Therefore,  the  native  or  created  non-uniformities 
of  oxide  thickness  should*  be  of  minor  importance 
for  optical  measurements. 


5.2.  On  the  photon  emission  rates 

Luminescence  measurements  on  the  MOS  tun¬ 
nel  diodes  can  serve  for  extraction  of  photon  emis¬ 
sion  rates  dr^1  /  d[hu)\(E ,  Tiuj).  Moving  all  the 
multipliers  of  Eq.(l),  except  the  integral,  into  the 
left  side  and  then  numerically  taking  a  partial 
derivative  over  E  from  both  sides,  we  may  find 
the  photon  emission  rate.  For  this  purpose,  we 
need  a  series  of  spectra  d // d [hu]  to  be  measured 
for  different  J,  E,  and  the  dependency  t~J(E)  to 
be  independently  known  from  the  literature  [5]. 
The  data  on  photon  emission  rate  would  be  very 
useful  for  the  analysis  of  HE  luminescence  in  any 
silicon  device.  The  realization  of  such  a  method 
remains,  however,  beyond  the  scope  of  this  work. 

6.  CONCLUSION 

In  this  work,  an  experimental  study  of  hot  elec¬ 
tron  luminescence  in  the  MOS  tunnel  structures 
Al/Si02/p-Si  with  a  2.0. ..2.5  nm  oxide  layer  has 
been  performed.  Due  to  the  small  insulator  thick¬ 
ness,  the  current  density  was  high  enough  even 
at  low  electron  energies.  Reliable  optical  mea¬ 
surements  covered  the  broad  spectral  range:  from 
0.73  to  3.2  eV.  Measured  spectra  indicated  the 
dominant  role  of  direct  intraband  optical  tran¬ 
sitions  and  revealed  also  the  recombination  com¬ 
ponent,  including  the  contribution  of  thermalized 
electrons.  The  position  of  the  high-energy  border 
related  with  the  intraband  radiation  depends  on 
the  energy  of  injected  electrons  which  is  set  by 
the  applied  forward  bias. 
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SiGe  quantum  well  metal-oxide-semiconductor  (MOS)  structures  were  realized  by  the  preparation  of  the  undoped 
Si  buffer  layer,  the  undoped  SiGe  quantum  well  layer,  and  the  undoped  Si  cap  layer  by  molecular-beam  epitaxy  or  low 
pressure  chemical  vapor  deposition,  and  low  thermal  budget  rapid  thermal  oxidation  of  the  Si  cap  layer  in  dry  oxygen  at  1 100 
°C  for  30-65  s.  Comprehensive  electrical  characterization  by  steady  state  admittance  spectroscopy  was  carried  out.  The 
relaxation  of  the  strained  SiGe  layer  was  monitored  by  x-ray  diffraction.  The  effects  of  the  composition  of  the  SiGe  layer  [Ge 
content,  and  minute  C  content]  on  the  trap  density  and  the  device  characteristics  were  investigated.  Also  examined  were  the 
effects  of  the  oxidation  temperature,  the  post-oxidation  annealing  [temperature  and  time]  in  nitrogen,  and  the  post¬ 
metallization  annealing  [temperature  and  time]  in  forming  gas,  on  the  trap  density  and  the  device  admittance  characteristics. 


1.  INTRODUCTION 

The  SiGe  quantum  well  MOS  structures  [back 
contact/Si  substrate/epitaxia!  Si  buffer  layer/epitaxial  SiGe 
quantum  well  layer/epitaxial  Si  cap  Iayer/Si02  layer/gate 
metal]  have  received  attention  on  account  of  their  promise 
in  realizing  p-channel  transistors  with  high  hole  mobility, 
relative  immunity  to  mobility  degradation  by  the  Si-Si02 
interface  roughness  and  traps,  and  reduction  in  hot  carrier 
injection  into  the  gate  oxide.  One  of  the  main  problems, 
that  has  come  in  the  way  of  progress  in  this  area, 
concerns  growth  of  a  high  quality  gate  oxide  on  substrates 
containing  a  strained  SiGe  quantum  well  layer.  To  avoid 
the  relaxation  of  the  strained  SiGe  layer  by  the  generation 
of  misfit  dislocations  and  Ge  diffusion,  investigators  have 
tended  to  carry  out  the  gate  oxide  growth  or  deposition 
with  low  thermal  budget,  often,  employing  unconventional 
processes,  such  as  wet  oxidation  or  low-pressure  or 
plasma-enhanced  chemical  vapor  deposition  [1-4].  Our 
approach  to  obtain  a  superior  quality  gate  Si02  layer, 
without  relaxing  the  strained  SiGe  layer,  has  been  to 
employ  the  thinnest  possible  gate  oxides,  and  to  carry  out 
the  oxidation  in  dry  O2  at  high  temperatures  for  the 
shortest  possible  times.  This  has  enabled  us  to  grow 
ultrathin  (4-7  nm),  gate  oxides  with  very  low  trap  densities, 
without  causing  any  relaxation  of  the  strained  SiGe 
quantum  well  layer. 

0167-9317/99/$  -  see  front  matter  ©  1999  Elsevier  Science 
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2.  EXPERIMENTAL 

The  MOS  samples  for  this  work  were  fabricated 
in  the  following  manner.  After  surface  preparation  of  the 
silicon  substrate  (B-doped)  with  10-20  n.cm  resistivity 
and  (100)  orientation,  the  Si  buffer  layer  [ca.  30  nm  thick], 
the  SiGe  or  SiGeC  well  layer  [ca.  30  nm  thick  with  21  % 
Ge],  and  the  Si  cap  layer  [ca.  15  nm  thick]  were  grown  by 
molecular  beam  epitaxy  [MBE]  or  chemical  vapor 
deposition  [CVD]  with  no  intentional  doping,  at  500  or  690 
°C,  respectively.  The  cap  layer  was  oxidized  thermally  in 
dry  oxygen  at  atmospheric  pressure  at  1 100  °C  for  times 
between  30  and  65s,  to  obtain  an  oxide  thickness,  tox,  in 
the  range  of  4-7  nm.  Preceding  oxidation,  the  wafers  were 
cleaned  ultrasonically  in  trichloroethylene,  acetone,  and 
methanol,  and  etched  in  HF,  followed  by  decanting  in 
ultrapure  water  with  18.2  MQ.cm  resistivity  and  total 
organics  <  5  ppb.  No  post-oxidation  annealing  [POA]  was 
carried  out.  Subsequently,  Al  front  metal  dots  (0.1  cm 
diameter)  and  the  Au  back  contact  were  deposited  by 
filament  evaporation  in  an  ultra  high  vacuum,  ion-pumped 
system  [Varian  VT-1 12],  at  pressures  below  5x1 0*7  torr. 
Post-metallization  annealing  [PMA]  was  carried  out  at  400 
°C  in  forming  gas  for  15  min.  Figure  1  illustrates  the 
physical  structure  of  the  fabricated  SiGe  quantum  well 
MOS  structure.  Control  MOS  samples  were  fabricated 
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exactly  the  same  way,  except  that  the  SiGe  layer  was 
replaced  by  a  St  layer  of  the  same  thickness. 


Gate  Metal  [Al] 


Gate  Oxide:  4-7  nm 


i-Si  Cap  Layer:  14  nm  originally 


Undoped  Si0.8Ge0.2  Quantum  Well:  30  nm 


i-Si  Buffer:  30  nm 


p-Si  (100)  10-20  W.cm  Substrate 


Back  Contact  [Au} 


Figure  1.  Schematic  of  the  fabricated  SiGe  quantum  well 
MOS  structure. 

Comprehensive  admittance-voltage-frequency 
characteristics  were  measured  using  the  HP  4192A  LF 
impedance  analyzer,  the  HP  4042B  quasistatic  C-V  and  I- 
V  meter,  the  Keithley  595  static  C-V  meter,  the  HP  31 0M 
controller,  and  a  data  acquisition  and  data  analysis 
software  package  developed  by  us  [5].  The  Capacitance- 
voltage,  C-V,  and  the  conductance-voltage,  G-V, 
characteristics  were  measured  at  different  frequencies 
between  100  Hz  and  3  MHz.  The  capacitance-frequency, 
C-f,  and  the  conductance-frequency,  G-f,  characteristics 
were  measured  at  different  values  of  the  bias.  The  quasi¬ 
static  C-V  characteristic  was  measured  at  a  ramp  rate  of 
0.001  V/s.  The  static  C-V  characteristic  was  measured 
with  0.01  V  step  and  a  step  delay  of  20  s.  The  current- 
voltage,  l-V,  characteristic  was  measured,  using  a  step 
voltage  of  0.01  V,  and  a  step  delay  of  60  s. 

3.  RESULTS  AND  DISCUSSIONS 

Figure  2  presents  the  capacitance-voltage  [C-V] 
characteristics  of  the  sample  SiGe-44,  with  CVD-grown 
epitaxial  layers  and  a  6.5  nm  thick  gate  oxide,  measured 
using  the  sinusoidal  small  signal  of  100  Hz,  100  kHz,  and 
300  kHz,  and  the  quasi-static  C-V  characteristics, 
measured  with  the  ramp  rate  of  1  mV/s.  The  dispersion  of 
the  accumulation  capacitance,  Cacc,  is  due  to  a  high  series 
resistance.  The  value  for  this  resistance,  Rs,  obtained 
directly  from  the  measured  300  kHz  impedance,  [Rs  + 
j/coCox],  in  strong  accumulation  [-  2.5  V],  was  76  Q,  while 


its  value  calculated  from  the  Cacc  dispersion  was  92.5  Cl. 
The  value  of  the  spreading  resistance,  calculated  using 
the  relation  r/2d,  where  r  is  the  Si  substrate  resistivity  [10- 
20  Cl.cm],  and  d  the  diameter  of  the  gate  metal  dot,  was 
50-1 00  Cl.  This  indicates  that  the  main  contribution  to  Rs 
is  from  the  spreading  resistance.  The  most  remarkable 
feature  of  the  C-V  characteristics  of  Fig.  2  is  the  near 
absence  of  dispersion  around  flat-band  [at  -  0.80  V],  in 
depletion  [between  -  0.80  and  -  0.47V],  and  in  weak 
inversion[between  -  0.47  and  -  0.12V].  The  well  in  the 
quasi-static  C-V  characteristic  is  deep  because  of  the  high 
St  resistivity  and  the  ultrathin  gate  oxide.  Such  deep  wells 
greatly  enhance  the  reliability  and  the  sensitivity  of  direct 
trap  detection.  This  means  that  even  a  very  low  trap 
density  would  be  easily  visible  as  a  dispersion  between 
the  quasi-static  C-V  and  the  300  kHz  C-V  characteristics. 
The  quasi-static  C-V  curve  looks  ideal  in  almost  every 
respect,  including  the  flat-band  voltage  of  -  0.80  V. 

SiGe-44:  6.5  nm  gate  oxide 

^^““quasi-static  —  “  100  Hz 


■  100  kHz  ™*«~3ookHz 


Bias  [V] 


Figure  2.  Measured  capacitance-voltage  characteristics  of 
sample  SiGe-44. 

Figure  3  displays  the  conductance-voltage  [G-V] 
characteristics  of  sample  SiGe-44,  measured  at  30  kHz, 
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100  kHz,  and  300  kHz.  The  entire  measured  conductance 
appears  to  be  due  to  the  series  resistance,  and  the 
characteristic  peaks  generated  by  traps  are  conspicuously 
absent  in  these  characteristics.  This  directly  confirms  the 
strong  indications  of  Fig.  2  of  a  very  low  trap  density. 

Experimental  values  of  Gp/co  were  obtained  from 
the  measured  MOS  conductance-frequency  and 
capacitance-frequency  curves  and  the  experimental 
values  of  Cox  and  the  series  resistance  Rs  [5-6],  for 
different  bias  values  corresponding  to  depletion  and  weak 
inversion.  No  peak  could  be  detected  in  any  of  these 
characteristics.  The  experimental  points  were  random  and 
scattered.  The  experimental  values  of  Gp/co  were  below 
5.0  pF  for  all  the  bias  values  in  depletion  and  weak 
inversion,  which  corresponds  to  a  Du  value  of  about 
8x109/cm2V,  for  single  level  states. 

Sample  SiGe-44:  6.5  nm  gate  oxide 


300  kHz - 100  kHz-  -  30  kHz 


1.00E-02 


1.00E-03 


1.00E-04  — 


§ 

s 

1.00E-05  1 
o 


1.00E-06 


1.00E-07 


-2.5  -1.5  -1  -0.5 

Bias  [VI 


Figure  3.  Measured  conductance-voltage  characteristics 
of  sample  SiGe-44. 

The  combined  experimental  data  suggest  nearly 
ideal  and  nearly  trap-free  admittance  characteristics, 
except  for  the  effect  of  the  series  resistance,  which  will  be 
inevitably  present  in  the  case  of  high  resistivity  silicon 
bulk.  There  are  a  number  of  problems  in  estimating  the 
trap  density  from  these  characteristics.  Since,  no  peaks 


are  obtained  in  the  GP/co  versus  f  curves,  a  value  for  the 
trap  density  cannot  be  determined  from  the  conductance 
data,  except  a  limiting  maximum  value,  as  indicated 
above.  Extraction  of  Du  from  the  capacitance  data,  using 
the  high-low  approach,  presents  the  following  problems: 

[1]  The  difference  between  the  quasi-static  [low-frequency] 
and  the  high  frequency  capacitance  in  depletion  and  weak 
inversion,  cf.  Fig.  2,  is  in  the  range  of  the  measurement 
error.  [2]  The  high  frequency  capacitance  does  not  reflect 
the  space  charge  capacitance,  as  it  represents  only  the 
contribution  from  the  dopants  and  the  majority  carriers,  but 
not  the  minority  carriers.  This  can  cause  serious  errors, 
when  the  high  and  the  low  frequency  capacitances  are 
close  to  each  other.  It  can  be  easily  shown  that,  for  p-type 
semiconductor,  in  depletion  and  weak  inversion:  Cscif  = 
Cschf[1  +  (ns/NA)],  where  Cscif  is  the  low  frequency  space 
charge  capacitance,  Cscht  the  high  frequency  space 
charge  capacitance,  ns  the  electron  density  at  the  Si  (cap 
layer)  -  Si02  interface,  and  Na  the  acceptor  density.  This 
means  that  at  the  onset  of  strong  inversion,  Cscif  =  2  Cschf. 
Corrections  can  be  made  using  the  above  relation, 
however,  there  is  uncertainty  in  the  experimental  value  of 
Na,  in  the  case  of  the  substrate,  containing  the  SiGe 
quantum  well. 

We  have  examined  the  effects  of  oxidation 
temperature  [was  varied  between  800  and  1 1 00  °C]  and 
post-oxidation  annealing  in  N2  ambient  [annealing 
temperature  was  varied  between  900  and  1100  °C]  on  the 
trap  density  and  the  relaxation  of  the  strained  SiGe 
quantum  well  layer.  The  relaxation  was  monitored  by  x-ray 
diffraction.  The  lowest  trap  density  was  obtained  for  rapid 
thermal  oxidation  at  1 100  °C,  and  there  was  no  relaxation 
of  the  strained  SiGe  layer  for  oxidation  times  between  30 
and  65  s.  Post-metallization  annealing  [PMA]  in  the 
forming  gas  was  very  effective  in  obtaining  a  very  low  trap 
density,  and  for  the  samples,  undergoing  PMA,  the  post¬ 
oxidation  annealing  had  no  effect,  and  was  not  necessary. 
This  is  very  useful  in  reducing  the  thermal  budget,  and  in 
preventing  the  strained  SiGe  layer  from  relaxing.  Table  1 
illustrates  the  effects  of  the  oxidation  and  the  annealing 
conditions  on  the  trap  density.  All  the  samples  of  Table  1 
were  prepared  on  the  same  substrate  material  with  MBE 
epitaxial  layers.  In  Table  1,  the  only  sample,  which  was 
found  to  be  completely  unrelaxed,  was  the  one  oxidized  at 
1100  °C. 

We  have  also  examined  the  effects  of  the 
deposition  conditions  and  the  composition  of  the  SiGe 
quantum  layer  on  the  interface  trap  density.  Four  different 
types  of  MBE-grown  and  two  different  types  of  CVD-grown 
SiGe  layers  were  used:  [1]  MBE  Sii.oGeo.o;  [2]  MBE 
Si.79Ge.21;  [3]  MBE  Si.79Ge.21C.0015;  [4]  MBE  Si.79Ge.21C.0055; 
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[5]  CVD  Sii.oGeo.o;  [6]  Si.80Ge.20.  The  mid-gap  trap  density 
was  found  to  vary,  in  these  samples,  in  the  range  of 
IxlO10  to  4x1010  cm^V-^cf.  Table  2],  The  incorporation  of 
carbon  into  the  SiGe  layer  did  not  appear  to  make  any 
appreciable  difference.  There  was  no  appreciable 
difference  in  the  trap  density,  when  the  Ge  content  was 
nil.  This  indicates  that  the  strain  in  the  SiGe  layer  need  not 
lead  to  generation  of  electron  traps.  The  best  admittance 
characteristics  were  obtained  for  the  CVD-grown  SiGe 
quantum  well  substrates,  with  a  mid-gap  trap  density  of 
less  than  IxlO10  cm^V*1.  The  oxide  leakage  current 
density,  in  all  the  samples,  for  the  voltage  range  of  -2.5  V 
to  1.0  V  was  below  lO^Vcm2. 

Table  1 

Effects  of  oxidation/annealing  conditions  on  trap  density 

Oxidation  POA  PMA  Mid-gap 

temperature,  temperature,  temperature,  trap 

time  time  time  density 

crn^V-1 

800  °C,  149  min  -  390  °C,  30  min  2.5x1 011 

850  °C,  69  min  -  -  8.0x1 011 

850  °C,  69  min  —  390  °C,  30  min  l.lxlO11 

900  °C,  38  min  —  390  °C,  30  min  1.4X1011 

950  °C,  19  min  —  390  °C,  30  min  1.2x1 011 

1 000  °C,  325  s  -  -  3.0x1 011 

1000  °C,  7  min  1000  °C,  16  min  -  4.0x10" 

1100  °C,  50  s  -  400  °C,  15  min  3.0x1010 


Table  2 

Effects  of  the  epitaxy  conditions  on  the  trap  density 


Epitaxy 

Quantum  well 
Composition 

Mid-gap 
trap  density 
cm-sv-1 

MBE 

Si 

3.0x1 010 

MBE 

Si.79Ge.21C.0015 

4.0x1 010 

MBE 

Si.79Ge.21C.0055 

3.2x1 010 

CVD 

Si 

2.6x1 010 

CVD 

Si.80Ge.20 

8.0x1 09 

4.  CONCLUSIONS 

We  have  demonstrated  the  growth  of  ultrathin  [4- 
7  nm]  gate  oxides,  with  very  low  trap  densities,  on  SiGe 


quantum  well  substrates,  using  a  very  simple  substrate 
surface  processing  and  a  low  thermal  budget  oxidation, 
that  does  not  relax  the  strained  SiGe  layer.  The  simple 
surface  preparation  consisted  of  ultrasonic  cleaning  in 
organic  solvents,  followed  by  etching  in  HF,  and  finally 
rinsing  in  ultrapure  water.  Best  oxidation  conditions  were 
obtained  for  rapid  thermal  oxidation  at  1 100  °C  for  30-65 
s,  under  which  lowest  trap  density  and  no  relaxation  of  the 
strained  SiGe  layer  were  observed.  Post-metallization 
annealing  in  forming  gas  at  400  °C  was  very  effective  in 
reducing  the  trap  density,  obviating  the  need  for  the  post¬ 
oxidation  annealing  in  nitrogen  at  high  temperatures  with 
the  attendant  high  thermal  budget.  The  Ge  content  or  the 
C  content  did  not  appear  to  have  a  significant  effect  on  the 
trap  density.  The  experimental  results  indicated  that  the 
strain  in  the  SiGe  quantum  well  layer  need  not  lead  to 
generation  of  electron  traps.  The  lowest  mid-gap  trap 
density  of  8x1 09  cm^V-1  and  the  most  ideal  device 
characteristics  were  obtained  for  the  CVD-grown  SiGe 
layers. 
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Using  density  functional  calculations  in  the  generalized  gradient  approximation,  the  energetics  of  competing 
atomic  processes  occuring  during  the  oxidation  of  silicon  are  evaluated.  Simple  molecular  systems  are  used  to 
model  the  breaking  of  Si-Si  and  Si-O  bonds  in  the  oxide.  These  calculations  suggest  that  the  breaking  of  Si-Si 
bonds  and  the  formation  of  threefold  coordinated  O  atoms  are  the  most  favourable  transformation  pathways  of 
the  bonding  network  of  the  oxide,  in  accord  with  the  atomic  processes  observed  during  a  recent  first-principle 
molecular  dynamics  simulation. 


1.  Introduction 

Despite  several  decades  of  intensive  experimen¬ 
tal  investigations,  our  understanding  of  the  silicon 
oxidation  process  has  remained  limited.  The  cur¬ 
rently  accepted  picture  of  the  oxidation  process 
is  to  a  large  extent  based  on  the  seminal  work 
by  Deal  and  Grove  [1],  Their  model  envisions  a 
two  step  process  in  which  an  oxygen  species  dif¬ 
fuses  through  the  oxide  network  and  then  attacks 
the  silicon  substrate  leading  to  the  formation  of 
new  oxide  at  the  buried  interface  [1].  Although 
the  Deal-Grove  model  successfully  accounts  for 
specific  aspects  of  the  oxidation  process  such  as 
its  kinetics,  a  characterization  of  the  oxidation 
mechanism  at  the  atomic  scale  falls  well  beyond 
its  scope. 

The  process  leading  to  a  disordered  silica  net¬ 
work  is  necessarily  more  involved  than  just  the 
incorporation  of  oxygen  atoms  in  Si-Si  bonds  of 
the  silicon  substrate.  Such  incorporations  pro¬ 
duce  locally  high  pressures  and  expansive  mo¬ 
tions.  The  structural  rearrangements  which  fol¬ 
low  cause  bond  breakings,  giving  ultimately  rise 
to  the  amorphous  nature  of  the  oxide. 

Such  detailed  atomic-scale  behaviour  has  so  far 
remained  inaccessible  to  experimental  techniques. 
In  a  nuclear  reaction  analysis  experiment,  Rochet 
et  al  [2]  provided  microscopic  evidence  of  the 
Deal-Grove  mechanism  in  the  thick  oxide  regime 


by  oxidizing  sequentially  with  different  oxygen 
isotopes.  In  the  thin  film  regime,  deviations  from 
Deal-Grove  behavior  were  observed.  Recent  ex¬ 
periments  carried  out  using  medium  energy  ion 
scattering  confirmed  the  presence  of  Deal-Grove 
oxidation,  but  also  demonstrated  the  occurence  of 
other  processes  which  are  missing  from  the  Deal- 
Grove  model  [3,4].  In  particular,  these  measure¬ 
ments  show  that  oxygen  atoms  incorporated  into 
the  silica  network  move  during  subsequent  oxida¬ 
tion  and  incorporate  into  the  newly  formed  oxide 
[3,4]. 

Recently,  in  an  attempt  to  gain  insight  into  the 
fundamental  structural  transformation  processes 
occuring  during  oxidation  at  the  Si-Si02  inter¬ 
face,  a  first-principle  molecular  dynamics  study 
was  performed  [5].  This  investigation  highlighted 
the  role  played  by  threefold  coordinated  oxygen 
atoms  during  structural  rearrangements.  It  was 
found  that  changes  in  the  bonding  network  near 
the  interface  occurred  via  an  associative  exchange 
mechanism  wherein  an  oxygen  atom  is  momen¬ 
tarily  bonded  to  three  silicon  atoms.  Such  events 
survived  several  Si-0  bond  oscillations  in  the  sim¬ 
ulation,  indicating  that  this  structure  is  most 
likely  metastable.  However,  because  of  the  simul¬ 
taneous  occurrence  of  several  atomic  processes,  it 
was  impossible  to  extract  excitation  energies  di¬ 
rectly  from  the  simulation. 

It  is  the  aim  of  the  present  contribution,  to  es- 
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timate  excitation  energies  of  competing  atomic 
processes  occuring  during  oxidation  at  Si-Si02  in¬ 
terfaces.  Deferring  the  study  of  oxygen  transport 
through  the  film  and  oxygen  incorporation  in  the 
network,  we  here  focus  on  those  processes  which 
lead  to  a  structural  rearrangement  of  the  bond¬ 
ing  network  of  the  oxide.  We  consider  three  type 
of  processes:  the  breaking  of  a  Si-Si  bond,  the 
breaking  of  a  Si-0  bond,  and  the  formation  of  a 
threefold  coordinated  oxygen  atom. 

2.  Method 

Throughout  this  work  we  adopted  the  gener¬ 
alized  gradient  approximation  (GGA)  to  density 
functional  theory  [6] ,  which  is  here  preferred  over 
the  local  density  approximation  (LDA).  The  LDA 
gives  accurate  results  for  many  materials  includ¬ 
ing  low-pressure  phases  of  SiC>2,  but  it  has  re¬ 
cently  been  shown  that  it  fails  to  reproduce  the 
correct  energy  difference  between  a-quartz  and 
stishovite,  a  high-pressure  phase  of  S1O2  [7].  This 
shortcoming  of  the  LDA  is  overcome  by  the  GGA 
[7].  The  use  of  the  GGA  is  expected  to  be  par¬ 
ticularly  relevant  when  the  atoms  undergo  coor¬ 
dination  changes. 

The  electronic  structure  was  accounted  for  by 
using  a  plane-wave  basis  set  for  the  valence  wave 
functions  and  pseudopotentials  to  describe  core¬ 
valence  interactions.  We  used  a  normconserving 
pseudopotential  for  Si  [8]  and  an  ultrasoft  pseu¬ 
dopotential  for  O  [9].  The  latter  pseudopoten¬ 
tial  was  generated  with  cutoff  radii  of  1.3  bohr 
and  with  two  energy  references  in  both  s  and  p 
angular  momentum  waves.  The  GGA  exchange- 
correlation  energy  is  implemented  as  in  Ref.  [10]. 
Structural  relaxations  were  performed  using  the 
Car-Parrinello  method  [11,12].  By  adopting  a 
damped  molecular  dynamics  evolution  for  the 
electronic  degrees  of  freedom,  the  energy  was 
gradually  lowered  until  the  structure  reached  a 
stable  configuration.  A  detailed  description  of  the 
method  used  to  treat  the  electronic  structure  in 
the  presence  of  ultrasoft  pseudopotentials  is  given 
in  Ref.  [13].  Energy  cutoffs  of  24  Ry  and  150  Ry 
were  used  for  the  wave  functions  and  for  the  aug¬ 
mented  electron  density,  respectively.  The  calcu¬ 
lations  for  the  molecular  systems  were  performed 
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Figure  1.  Energy  as  a  function  of  Si-Si  distance 
for  the  neutral  vacancy  model  in  a-quartz,  calcu¬ 
lated  in  the  generalized  gradient  approximation. 
The  energy  is  given  with  respect  to  that  of  the  Si- 
Si  dimer  configuration,  which  corresponds  to  the 
lowest  Si- Si  distance.  The  puckered  configuration 
is  obtained  in  correspondence  of  the  largest  Si-Si 
distance.  From  Ref.  [17] 


using  a  periodic  cubic  cell  with  a  side  of  20  bohr. 

3.  Threefold  coordinated  oxygen  atom 

We  take  the  E[  defect  in  a-quartz  as  a  model 
system  to  study  the  threefold  coordinated  oxy¬ 
gen  atom.  The  E[  defect  has  successfully  been 
modelled  as  a  positively  charged  oxygen  vacancy 
[14,15].  This  defect  shows  a  bistable  behavior  be¬ 
tween  two  competing  configurations.  In  the  first 
metastable  configuration,  the  elimination  of  an 
oxygen  atom  from  the  regular  a-quartz  structure 
gives  rise  to  the  formation  of  a  Si-Si  dimer  bond. 
In  the  second  configuration,  known  as  the  puck¬ 
ered  configuration,  the  atomic  network  undergoes 
a  large  local  relaxation  which  leads  to  the  for¬ 
mation  of  a  threefold  coordinated  oxygen  atom 
and  of  a  Si  dangling  bond.  In  the  positive  charge 
state,  the  puckered  configuration  is  more  stable 
than  the  dimer  configuration,  explaining  the  ob¬ 
servation  of  an  electron  spin  resonance  signal  [16]. 
However,  in  the  neutral  charge  state  the  dimer 
configuration  becomes  the  ground  state  [15]. 
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Figure  2.  Ball  and  stick  model  of  the  molecule 
(HO)3Si-Si(OH)3. 


The  energy  difference  between  puckered  and 
dimer  configuration  in  the  neutral  charge  state 
provides  an  estimate  for  the  formation  energy  of 
a  threefold  coordinated  oxygen  atom  and  a  dan¬ 
gling  bond  at  the  cost  of  breaking  a  Si-Si  bond. 
This  energy  difference  was  calculated  to  be  2.3 
eV  in  the  LDA  [15].  When  this  calculation  was 
repeated  in  the  GGA,  a  value  of  2.7  eV  was  found 
[17].  The  barrier  which  needs  to  be  overcome  to 
move  from  the  dimer  to  the  puckered  configura¬ 
tion  is  only  slightly  higher  (2.8  eV  [17]).  Fig.  1 
shows  the  energy  as  a  function  of  the  Si- Si  dis¬ 
tance.  These  energy  values  are  directly  compa¬ 
rable  with  the  other  energies  calculated  in  this 
work. 

Note  that  the  formation  of  a  threefold  coordi¬ 
nated  oxygen  atom  is  associated  with  the  gener¬ 
ation  of  local  charges.  The  threefold  coordinated 
oxygen  atom  gives  up  the  sixth  oxygen  electron  to 
the  conduction  band  [18].  In  the  puckered  config¬ 
uration  this  electron  is  captured  by  the  dangling 
bond,  which  becomes  doubly  occupied  giving  rise 
to  a  negative  center.  Because  of  the  spin  degener¬ 
acy  of  all  the  orbitals  in  this  system,  a  local  spin 
density  calculation  does  not  modify  the  total  en¬ 
ergies  calculated  above. 


Figure  3.  Ball  and  stick  model  of  fragment 
(HO)3Sb. 


4.  Bond  breakings 

4.1.  Breaking  of  a  Si-Si  bond 

In  order  to  obtain  an  estimate  of  the  energetic 
cost  of  a  Si-Si  bond-breaking  process  in  the  oxide, 
we  consider  the  following  molecular  process: 

(HO)3Si-Si(OH)3  ->  2  (HO)3Si-,  (1) 

where  the  dot,  •,  stands  for  a  singly  occupied  dan¬ 
gling  bond.  The  energy  required  for  this  process 
is  obtained  considering  the  total  energies  of  the 
molecule  (HO)3Si-Si(OH)3  and  of  its  fragment 
(HO)3Si*  separately.  In  the  two  calculations  the 
atomic  positions  are  allowed  to  relax  fully.  The 
resulting  atomic  structures  are  illustrated  in  Figs. 
2  and  3.  The  presence  of  singly  occupied  dan¬ 
gling  bonds  on  the  righthand  side  of  process  (1) 
requires  the  use  of  a  spin  density  functional  for 
(HO)3SF.  We  estimate  the  energetic  cost  of  pro¬ 
cess  (1)  to  be  3.8  eV.  The  spin  polarization  energy 
gain  associated  to  the  Si  dangling  bond  is  found 
to  be  0.63  eV.  Hence,  the  consideration  of  spin 
effects  is  important,  and  their  neglect  would  in¬ 
crease  the  energetic  cost  of  process  (1)  to  5.4  eV. 

These  values  can  be  compared  to  the  bond  for¬ 
mation  energy  of  bulk  silicon.  Because  two  bonds 
can  be  associated  with  every  Si  atom,  the  bond 
formation  energy  can  be  obtained  by  dividing  by 
two  the  binding  energy  per  atom.  The  calculated 


92 


A.  Pasquarello  /  Microelectronic  Engineering  48  (1999)  89-94 


Figure  4.  Ball  and  stick  model  of  the  molecule 
(H0)3Si-0-Si(0H)3. 


binding  energy  for  bulk  silicon  is  4.65  eV  [8],  in 
excellent  agreement  with  the  experimental  value 
of  4.63  eV  [19].  We  thus  obtain  2.3  eV  for  the 
bond  formation  in  bulk  silicon.  It  is  not  straight¬ 
forward  to  deduce  from  this  the  bond-breaking 
cost  of  an  isolated  Si-Si  bond  in  a  silicon-rich  en¬ 
vironment.  Nevertheless,  it  appears  reasonable  to 
assume  that  the  breaking  of  a  Si-Si  bond  occurs 
at  a  lower  energy  cost  the  closer  the  bond  is  to 
the  Si  substrate. 

4.2.  Breaking  of  a  Si-O  bond 

To  obtain  the  bond-breaking  cost  of  a  Si-0 
bond  we  consider  the  process: 

(HO)3Si-0-Si(OH)3 

(H0)3Si-0*  +  *Si(OH)3.  (2) 

In  analogy  to  the  case  of  a  Si-Si  bond  break¬ 
ing,  we  compare  the  total  energy  of  the 
molecule  (HO)3Si-0-Si(OH)3  with  those  of  its 
fragments  (H0)3Si-0*  and  *Si(OH)3.  For  sim¬ 
plicity,  the  Si-O-Si  bond  was  kept  fixed  at  180° 
in  the  (H0)3Si-0-Si(0H)3  molecule,  but  the 
atomic  coordinated  were  otherwise  completely  re¬ 
laxed.  The  relaxed  atomic  configurations  of  the 
molecule  (H0)3Si-0-Si(0H)3  and  of  the  fragment 
(HO)  3 Si-0  •  are  shown  in  Figs.  4  and  5,  respec¬ 
tively.  We  obtain  an  energy  cost  of  5.9  eV,  in 
which  the  spin  polarization  energy  is  accounted 


Figure  5.  Ball  and  stick  model  of  fragment 
(H0)3Si-0«. 


for.  We  found  that  the  spin  polarization  energy 
amounted  to  0.56  eV  for  the  dangling  bond  on  the 
oxygen  atom,  close  to  the  value  of  0.63  eV,  found 
above  for  a  dangling  bond  on  a  silicon  atom. 

5.  Discussion 

We  consider  excitation  energies  with  respect  to 
a  regularly  bonded  interface  configuration,  i.e.  a 
structure  in  which  all  the  Si  and  O  atoms  are  four¬ 
fold  and  twofold  coordinated,  respectively.  We 
assume  that  such  a  configuration  is  metastable, 
and  that  the  result  of  a  network  transformation 
process  is  another  regularly  bonded  structure. 
We  consider  relaxation  processes  which  lead  to 
a  topological  change  of  the  bonding  network,  or, 
in  other  terms,  transformations  which  modify  the 
list  of  neighbours.  We  also  assume  that  the  en¬ 
ergy  required  to  transform  the  bonding  arrange¬ 
ment  is  much  larger  than  the  energy  gain  result¬ 
ing  from  the  relaxation  process.  We  base  these 
assumptions  on  observations  made  in  previous 
studies,  in  which  structural  relaxations  of  several 
regularly  bonded  structures  never  led  to  topolog¬ 
ical  rearrangements  [20-24].  Furthermore,  in  the 
molecular  dynamics  simulation  of  Ref.  [5],  high 
initial  temperatures  were  needed  to  break  up  a 
regularly  bonded  structure. 

We  considered  here  three  processes  which  break 
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up  the  oxide  network:  the  breaking  of  a  Si-Si 
bond,  the  breaking  of  a  Si-0  bond,  and  the  for¬ 
mation  of  a  threefold  coordinated  oxygen  atom. 
These  processes  and  their  corresponding  reverse 
processes  can  be  combined  to  obtain  topological 
modifications  of  the  network. 

Prom  our  calculations,  it  appears  that  the 
breaking  of  a  Si-Si  bond  can  compete  with  the  for¬ 
mation  of  a  threefold  coordinated  oxygen  atom, 
iarticularly  in  the  neighborhood  of  the  substrate, 
in  fact,  the  process  that  leads  to  the  formation 
of  a  threefold  coordinated  oxygen  atom  can  also 
be  viewed  as  the  breaking  of  a  Si-Si  bond.  The 
ensuing  formation  of  a  threefold  coordinated  oxy¬ 
gen  atom  accompanied  by  a  doubly  occupied  Si 
dangling  bond  can  be  considered  as  a  stabilizing 
process,  which  lowers  the  cost  of  a  Si-Si  bond¬ 
breaking  event  in  the  oxide  from  3.8  eV  to  2.7 
eV.  However,  it  is  important  to  note  that  Si-Si 
bond  breakings  and  bond  formations  alone  can¬ 
not  give  rise  to  modifications  of  the  oxide  net¬ 
work.  In  fact,  every  oxygen  atom  would  main¬ 
tain  the  same  neighbours  during  such  processes. 
Hence,  a  modification  of  the  network  necessarily 
implies  the  breaking  of  Si-0  bonds. 

The  appearance  of  transient  states  in  which 
oxygen  atoms  are  threefold  coordinated,  allows 
structural  transformations  to  different  regularly 
bonded  structures.  In  fact,  because  any  of  the 
three  O-Si  bonds  can  break  during  a  transient 
state,  such  a  process  could  lead  to  an  exchange 
event  in  the  oxygen  first-nearest-neighbour  shell 
[5].  In  this  way,  a  topological  modification  of  the 
oxide  network  can  take  place  at  excitation  ener¬ 
gies  (2.7  eV)  which  are  much  lower  than  those 
required  for  breaking  a  Si-O  bond  in  the  case 
of  regularly  twofold  coordinated  oxygen  atoms 
(5.9  eV).  In  other  terms,  our  calculations  suggest 
that  the  required  Si-0  bond-breakings  would  oc¬ 
cur  when  the  involved  oxygen  atoms  are  threefold 
rather  than  twofold  coordinated. 

Prom  the  above  considerations,  a  picture  of 
transient  configurations  emerges  in  which  silicon 
dangling  bonds  can  either  be  singly  or  doubly  oc¬ 
cupied,  depending  on  whether  they  result  from  a 
Si-Si  bond  breaking  or  from  the  formation  of  a 
threefold  coordinated  oxygen  atom,  respectively. 
In  such  a  situation,  the  flow  of  electrons  between 


dangling  bonds  could  play  a  role  in  network  trans¬ 
formation  processes.  As  the  incorporation  of  oxy¬ 
gen  atoms  proceeds,  the  local  structural  environ¬ 
ment  undergoes  changes.  As  a  consequence,  the 
flow  of  an  electron  from  one  dangling  bond  to 
another  could  become  energetically  favourable. 
Such  processes  would  change  the  location  of  dou¬ 
bly  occupied  dangling  bonds.  In  the  reverse  of 
the  process  leading  to  the  formation  of  a  three¬ 
fold  oxygen  atom,  a  Si- Si  bond  is  formed  between 
a  Si  atom  carrying  a  doubly  occupied  dangling 
bond  and  one  of  the  silicon  atoms  in  the  first- 
nearest-neighbour  shell  of  the  threefold  coordi¬ 
nated  oxygen  atom.  When  such  a  reverse  process 
takes  place  after  the  relocation  of  a  doubly  occu¬ 
pied  dangling  bond,  the  topology  of  the  network 
is  transformed. 

This  picture  of  network  transformation  pro¬ 
cesses  occuring  during  oxidation  is  consistent 
with  the  processes  observed  during  a  recent  first- 
principle  molecular  dynamics  simulation  [5].  In 
this  simulation,  Si-0  bonds  were  found  to  break 
only  in  correspondence  of  threefold  coordinated 
oxygen  atoms,  in  agreement  with  the  energetic 
picture  discussed  here.  Furthermore,  frequent  Si- 
Si  bond  breakings  were  observed  in  the  neighbor¬ 
hood  of  the  silicon  substrate. 

Further  support  to  this  picture  is  provided  by 
comparison  with  experiment.  The  formation  of 
threefold  coordinated  oxygen  atoms  is  accompa¬ 
nied  by  large  lattice  distortions  [15,17],  and  can 
lead  to  motion  of  oxygen  atoms  which  are  in¬ 
corporated  in  the  network,  as  clearly  illustrated 
in  the  molecular  dynamics  simulation  of  Ref.  [5] . 
The  presence  of  network  motion  is  consistent  with 
recent  medium  energy  ion  scattering  results  which 
show  evidence  for  motion  of  oxygen  atoms  after 
incorporation  into  the  oxide  [3,4]. 

In  conclusion,  we  estimated  the  cost  of  simple 
atomic  processes  leading  to  modifications  of  the 
network  structure.  The  events  considered  here 
are  relatively  local  and  do  not  represent  an  exaus- 
tive  description  of  all  the  atomic  processes  occur¬ 
ing  during  oxidation.  Nevertheless,  the  picture 
emerging  from  the  present  analysis  is  consistent 
with  the  results  of  a  recent  first-principle  molec¬ 
ular  dynamics  simulation  [5]. 
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In  studying  fine  structures  in  the  tunneling  current  characteristics  of  degraded  bipolar 
transistors  we  have  observed  under  small  forward  bias  a  unique  spectral  pattern  of  current 
variations  at  low  temperature.  The  structures  are  step-like  increases  of  the  base-emitter  current 
that  repeat  in  well-defined  voltage  sequences.  Among  these,  replicas  with  a  spacing  of  135 
mV,  which  is  equivalent  to  the  energy  of  a  polar  optical  phonon  in  SiC>2,  are  identified  quite 
often.  We  believe  this  is  the  first  evidence  of  the  polar  phonon  scattering  for  transport  at  the 
Si-SiC>2  interface. 


1.  INTRODUCTION 

Carriers  moving  in  high  electric  fields 
of  device  structures  along  the  Si-SiC>2  in¬ 
terface  dissipate  energy  by  phonon  emis¬ 
sion  processes.  Such  phonon  scattering 
limits  the  mobility.  Velocity  saturation  oc¬ 
curs  when  the  emission  rate  is  just 
matched  by  the  rate  of  energy  gain  in  the 
electric  field.  Although  this  process  is  usu¬ 
ally  discussed  in  terms  of  interaction  with 
the  Si-phonons,  it  remains  an  open  ques¬ 
tion  to  what  extent  the  polar  optical  modes 
of  the  adjacent  SiC>2  layer  contribute  by 
their  long-range  fields  to  the  scattering  and 
energy  dissipation.  Hess  and  Vogl  consid¬ 
ered  this  problem  of  electron  scattering  by 
what  they  called  remote  phonons  [1].  To 
date  there  has  been  no  convincing  evi¬ 
dence  that  the  SiC>2  phonons  contribute  to 
the  energy  loss  of  surface  channel  elec¬ 
trons  in  MOS  devices,  possibly  because  of 
screening  and  the  short  range  of  the  inter¬ 
action. 

0167-9317/99/$  -  see  front  matter 
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We  examine  here  tunneling  transport 
in  which  electrons  move  from  the  n+-side  of 
a  junction  to  the  corresponding  p-side, 
presumable  via  an  interfacial  defect  that 
provides  an  energy  state  in  the  gap  of  Si. 
The  p-n  junction  is  that  of  the  base-emitter 
structure  of  the  planar  bipolar  transistor. 
It  contacts  the  (100)  Si- surface  at  the 
spacer  oxide  (see  Fig.  1).  As  we  shall  see 
below,  an  important  contribution  to  the 
forward  base  current  involves  carriers  that 
move,  assisted  by  traps,  along  the  interface 
and  just  inside  the  Si-crystal.  For  this  cur¬ 
rent  there  is  found  a  complicated  finger¬ 
print  pattern  of  phonon  structures.  Each 
transistor,  and  each  of  the  interface  con¬ 
figuration  of  traps  created  by  hot  carrier 
damage,  has  its  own,  unique  spectral  pat¬ 
tern  in  the  base-emitter  current.  Among 
these  one  frequently  finds  phonon  struc¬ 
tures  with  energy  of  -20  and  ~60  meV, 
which  probably  relate  to  Si  phonons.  In 
addition,  we  identify  at  135  meV  a  phonon 
replica  structure  that  just  cannot  come 
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Fig.  1.  Cross  sectional  view  of  the  pla¬ 
nar  transistor  structure  in  which  tun¬ 
neling  occurs  along  the  Si-TEOS  SiC>2 
interface. 

from  Si.  We  argue  that  tunneling  which 
proceeds  via  an  interfacial  trap  level,  a 
deep-lying  defect  state,  will  have  replica 
structures,  which  dissipate  a  polar  phonon 
energy  in  SiC>2.  The  tunneling  path,  al¬ 
though  near  the  interface,  must  lie  on  the 
Si  side  of  the  interface.  In  this  sense,  the 
phonon  is  generated  as  a  remote  excitation 
of  the  Si02  layer. 

Below  we  briefly  discuss  the  planar 
transistor  and  the  microscopic  origin  of  the 
degradation  effect.  This  is  followed  by  a 
more  detailed  consideration  of  the  phonon- 
assisted  tunneling  though  the  trap  states. 


2.  DEGRADATION  OF  THE  BASE- 

EMITTER  JUNCTION  AT  THE  Si-Si02 
INTERFACE 

Fig.  1  shows  the  physical  layout  of  the 
relevant  part  of  the  transistor  in  cross- 
section.  The  Siemens-made  device  is  a  self- 
aligned,  double-poly  diffused  bipolar  tran¬ 
sistor  [2].  The  spacer  oxide  that  contacts 
the  base-emitter  junction  and  separates 
the  two  electrodes  is  a  TEOS-CVD  layer 
followed  by  a  nitride  cap.  In  the  publica- 


Fig.  2.  Gummel  plots  showing  the  deg¬ 
radation  of  the  base  current  with  in¬ 
creasing  stress  time,  stressed  at  reverse 
bias  of  3.5  V  and  room  temperature. 


tions  [2,  3,  4],  we  have  studied  the  degra¬ 
dation  of  the  device  under  stress  condi¬ 
tions  where  3.5  eV  is  applied  for  a  length  of 
time  in  a  reverse  bias  to  the  junction.  Nu¬ 
merical  simulations  showed  that  under 
such  stress  condition  there  is  a  region  of 
high  electric  field  between  the  n+-emitter 
and  the  p-base  under  the  TEOS-SiCh  [2]. 
After  the  bias  stress  treatment,  the  base 
current  in  the  0  -  1  V  range  is  several  or¬ 
ders  of  magnitude  higher  in  the  degraded 
state,  as  can  be  seen  in  Fig.  2.  The  micro¬ 
scopic  mechanism,  by  which  the  base  cur¬ 
rent  is  caused  to  increase,  involves  the 
creation  of  defect  states  at  the  interface  to 
the  spacer  oxide.  The  defects  are  damage 
centers  such  as  dangling  bonds  or  others 
[5]  at  the  interface  and  along  the  entire  pe¬ 
rimeter  line  where  the  p-n  junction  con¬ 
tacts  the  TEOS  oxide.  In  both  our  own  and 
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other  related  research  [6,  7,  8,  9]  the  point 
defects  are  considered  to  be  the  source  of 
the  excess  current  under  low  voltages  in 
forward  bias.  Whereas  [8,  9]  treat  this  ex¬ 
tra  contribution  as  a  generation  recombi¬ 
nation  current,  our  study  of  the  tempera¬ 
ture  dependence  as  well  as  others'  works 
[6,  7]  identify  it  as  a  tunneling  current.  As 
a  confirmation,  see  Fig.  3,  the  slope  of  the 
base  current  at  low  voltages  does  not 
change  with  the  temperature. 


3.  PHONON  REPLICA  IN  THE  BASE- 

EMITTER  CURRENT 

With  voltages  in  the  0  -  1  V  range  in 
the  forward  direction  the  base  current 
rises  exponentially.  As  in  Figs.  2  and  3,  at 
room  temperatures  the  curves  are  almost 
featureless.  The  change  in  slope  from  low 
voltages  to  high  voltages  indicates  that  the 
dominant  mechanism  for  transport 
switches  from  tunneling  to  a  more  strongly 
temperature-dependent  mechanism.  As  the 
temperature  is  lowered  in  steps  from  300 
to  10  K  the  tunneling  regime  extends  over 
the  entire  voltage  range  of  the  figure. 

It  is  equally  evident  that  the  base  cur¬ 
rent  with  lowered  temperatures  shows  dis¬ 
tinct  signatures.  For  the  sub-|im-sized 
transistor  structure  with  which  we  are 
dealing,  the  base  current  shows  a  finger¬ 
print  pattern  of  voltage-tuned  steps  and 
variations.  Fig.  3  shows  that,  as  the  tem¬ 
perature  is  reduced  to  10  K,  the  I-V  curve 
reveals  definitely  some  fine  structure  and 
has  three  bending  points  roughly  at 
0.65  V,  0.78  V,  and  0.92  V.  The  voltage 
difference  between  the  bending  points  is 
AV  »  130-140  mV.  These  are  totally  repro¬ 
ducible  in  an  up-down  sweep  for  the  given 
transistor  structure  and  given  state  of  deg¬ 
radation.  They  are  also  identifiable  even  up 
to  150  K. 

As  discussed  in  Section  2,  the  increase 


Base-Emitter  Bias  (V) 


Fig.  3.  Diode  Characteristic  of  the  base- 
emitter  junction  of  a  degradation  dam¬ 
aged  planar  transistor  showing  SiC>2- 
phonon  replicas  at  low  temperatures. 


current  is  the  result  of  trap-assisted  tun¬ 
neling  in  the  Si  layer  adjacent  to  the  Si- 
Si(>2  interface.  Because  of  the  small  size  of 
the  device,  individual  prominent  trap  sites 
that  are  particularly  efficient  in  the  contri¬ 
bution  to  the  base  current,  can  be  identi¬ 
fied  [4],  The  effect  is  totally  analogous  to 
the  random  patterns  in  the  low  tempera¬ 
ture  current  of  MOS  transistors  [10,  11]. 
Just  as  the  case  in  MOSFETs,  there  is  at 
finite  temperature  a  switching  type  of 
noise,  the  random-telegraph  signal  re¬ 
ported  in  refs  [3,  4]. 

The  tunneling  that  leads  to  distinct 
step-like  increases  in  the  base  current  is  a 
resonant  process,  whereby  the  carrier  at 
the  band-edge  of  the  p-n  junction  finds  a 
trap  positioned  at  a  suitable  location  in  the 
space- charge  layer  and  at  the  interface.  If 
the  energy  matches  up  properly,  resonant 
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tunneling  occurs.  The  line  shape  of  the 
structure  reflects  the  availability  of  traps. 

The  step-like  increases  of  the  current 
repeat  in  well-defined  voltage  sequences. 
Among  these  replicas  with  a  spacing  of  20 
and  60  mV  are  identified  quite  often.  Oth¬ 
ers  have  a  voltage  interval  of  100  and  135 
mV.  We  believe  that  current  steps  like 
those  in  Fig.  3  are  the  result  of  phonon  as¬ 
sisted  tunneling  involving  intermediate 
mid-gap  states  near  the  Si-Si02  interface. 

While  the  20  and  60  mV  replica 
structures  are  likely  to  involve  Si-phonons 
that  allow  a  tunneling  electron  to  lose  the 
transverse  momentum  and  energy  [12],  the 
100  and  135  mV  replica  only  can  be  ex¬ 
pected  from  the  interfacial  Si02  phonons. 
In  particular,  135  meV  is  the  energy  of  the 
polar  stretching  mode  vibrations  of  Si02, 
and  100  meV. 

The  electrons  contributing  to  the  tun¬ 
neling  current  move  on  the  Si  side  of  the 
interface.  Nevertheless,  because  it  is  a 
resonant  tunneling  process  a  defect  state 
with  energy  in  the  gap  of  Si  is  involved. 
This  trap  is  a  highly  localized  state  and 
may  well  be  located  at  the  interface  in  the 
immediate  vicinity  of  Si02.  An  energy 
transfer  to  the  polar  oxide  material  can  oc¬ 
cur  while  the  carrier  is  in  the  trap.  This  is 
indeed  a  very  different  scenario  than  that 
involving  ordinary  channel  transport  as  in 
ref.  [1].  Our  experiments  do  not  provide 
evidence  for  the  remote  polar  phonon 
scattering  described  there.  Even  if  the  en¬ 
ergy  loss  were  to  occur  along  the  tunneling 
path  and  inside  the  Si,  the  observation  is 
not  directly  applicable  to  MOS  channel 
transport,  because  it  occurs  in  the  de¬ 
pleted  region  and  in  the  absence  of 
screening  effects.  What  the  experiments 
show  is  that  for  transport  at  the  Si/Si02 
interface  the  polar  Si02  phonons  can  be 
involved  in  special  circumstances.  The 
challenge  to  experimentally  find  and 
measure  the  Si02-phonon  contributions  for 


hot  carriers  in  an  inversion  larger  is  still  to 
be  met. 


4.  CONCLUSION 

We  study  tunneling  transport  at  the 
degradation  damaged  Si-Si02  interface  of  a 
planar  bipolar  transistor.  In  this  transistor 
the  base-emitter  planar  p-n  junction  con¬ 
tacts  the  Si  surface  where  a  CVD-spacer 
oxide  is  located.  Under  conditions  where 
tunneling  through  trap  states  at  the  inter¬ 
face  dominates  the  forward-bias  current, 
we  identify  numerous  phonon  replica 
structures  that  are  evidence  for  the  inter¬ 
action  with  the  polar  phonons  of  the  adja¬ 
cent  oxide. 
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Simulation  of  the  Drain-Current  Characteristics  of  MOSFETs  with 
Ultrathin  Oxides  in  the  Presence  of  Direct  Tunneling* 
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Carrier  tunneling  in  the  gate  dielectric,  especially  in  the  direct-tunneling  regime  where  large  current 
densities  flow  through  the  gate  oxide,  are  known  to  result  in  substantial  changes  in  the  drain-current 
characteristics  of  MOSFETs.  In  this  paper,  we  present  simulation  results  of  the  drain-current  charac¬ 
teristics  of  MOSFETs  with  ultrathin  oxide  using  Tunnel-PISCES,  a  MOSFET  tunneling  simulator  that 
models  electron  tunneling  through  the  gate  dielectric  in  a  self-consistent  manner  with  carrier  transport 
by  drift  and  diffusion  in  the  substrate.  We  are  able  to  predict  the  experimental  trends  reported  for  the 
dependence  of  the  drain  current  of  ultrathin-oxide  MOSFETs  on  gate-oxide  thickness.  This  tunneling  sim¬ 
ulation  capability  provides  a  means  for  generating  MOSFET  sizing  guidelines  to  avoid  tunneling-induced 
drain-current  degradation. 


1.  INTRODUCTION 

By  scaling  a  MOSFET  gate  oxide  to  thick¬ 
nesses  where  direct  tunneling  is  present  and  se¬ 
lecting  an  appropriate  gate  length,  MOSFETs 
with  large  transconductances  have  been  realized 
[1].  In  direct-tunneling  oxide  devices,  the  proba¬ 
bility  that  an  electron  traveling  from  the  source  to 
the  drain  will  tunnel  through  the  gate  dielectric 
may  be  greater,  under  certain  conditions,  than 
its  probability  of  reaching  the  drain.  Therefore, 
a  MOSFET  with  an  ultrathin  gate  oxide  must 
be  designed  to  include  the  effects  of  the  direct- 
tunneling  gate  current  upon  the  flow  of  current 
from  source  to  drain.  This  paper  reports  for  the 
first  time  simulation  results  of  MOSFET  drain- 
current  characteristics  in  the  presence  of  direct 
tunneling.  These  simulation  results  are  shown  to 
correlate  well  with  experimentally  observed  mea¬ 
surements  [1]. 


*This  work  was  supported  at  Duke  University  by  the  Na¬ 
tional  Science  Foundation  Engineering  Research  Center  on 
Advanced  Electronic  Materials  Processing  at  North  Car¬ 
olina  State  University.  The  authors  acknowledge  the  sup¬ 
port  of  and  many  helpful  discussions  with  J.  Wortman,  J. 
Hauser,  K.  Henson,  and  E.  Vogel. 


2.  TUNNELING  MODEL 

Simulation  of  direct  tunneling  in  ultrathin  ox¬ 
ide  MOSFETs  was  carried  out  using  Tunnel- 
PISCES  [2],  a  modified  version  of  the  classi¬ 
cal  device  simulator  PISCES  [3]  developed  to 
model  self-consistently  MOS  devices  in  the  pres¬ 
ence  of  carrier  tunneling  in  the  gate  dielectric. 
The  gate  tunneling  current  was  calculated  using 
the  independent-electron  tunneling  model  [4]  and 
the  WKB  approximation  was  used  to  determine 
the  tunneling  probability.  The  tunneling  barrier 
was  assumed  to  be  trapezoidal.  Because  Tunnel- 
PISCES  is  a  modified  drift-diffusion  device  sim¬ 
ulator,  and  not  a  Schrodinger-Poisson  solver,  the 
effects  of  carrier  confinement  and  quantization 
near  the  oxide/substrate  interface  upon  the  in¬ 
version  layer  [5]  were  not  taken  into  account. 

The  tunneling  current  was  calculated  by  taking 
into  account  tunneling  from  the  substrate  into  the 
gate  and  from  the  gate  into  the  substrate.  The 
net  tunneling  current  was  then  self-consistently 
matched  to  the  net  drift-diffusion  current  in  the 
substrate  at  the  oxide/substrate  interface.  The 
tunneling  mechanisms  present  in  NMOSFETs  are 
illustrated  in  Fig.  1.  Electrons  can  tunnel  from 
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the  conduction  (CBET)  and  valence  (VBET) 
bands  and  holes  can  tunnel  from/to  the  valence 
band  (VBHT). 


Tunneling  Mechanisms  in  NMOSFETs 


u+  Poly  Gate  Si02  p- type  Substrate 

Fig.  1.  Electron  (CBET  and  VBET)  and  hole 
(VBHT)  tunneling  mechanisms  in  NMOSFETs. 


3.  SIMULATION  RESULTS 

We  have  simulated  three  MOSFET  structures 
with  different  gate  lengths  reported  by  Momose 
et  al.  [1].  The  gate  oxide  thickness  for  all  de¬ 
vices  was  15A.  The  junction  depth  of  the  lightly 
doped  regions  of  the  drain  and  source  was  30  nm. 
The  source  and  drain  were  ra-type  Gaussian  diffu¬ 
sions  with  peak  concentrations  of  4  x  1019  cm"3. 
The  substrate  was  doped  p-type,  1018  cm"3, 
and  the  gate  was  Aluminum.  The  gate  currents 
were  modeled  using  a  tunneling  barrier  height  of 
3.15  eV,  and  a  constant  effective  mass  of  0.35mo 
for  the  electron  as  it  tunnels  through  the  oxide. 
A  schematic  cross-section  of  the  device  is  shown 
in  Fig.  2,  and  the  device  simulation  cross-section 
generated  by  Tunnel-PISCES  is  shown  in  Fig.  3. 

Figures  4-6  show  Tunnel-PISCES  simulation 
results  of  the  drain-current  characteristics  and 
Figs.  7-9  the  gate-  and  source-current  charac¬ 
teristics  of  MOSFETs  with  gate  lengths  of  1,  5, 


and  10  pm,  respectively.  As  observed  by  Momose 
et  al.  [1],  Figs.  5  and  6  show  that  the  direct- 
tunneling  current  through  the  gate  oxide  distorts 
the  drain-current  characteristics.  Figures  8  and 
9  show  that,  when  Vqb~ 2.0  V  and  Vds  is  low, 
the  gate  current  is  larger  in  magnitude  than  ei¬ 
ther  the  drain  or  source  currents.  Both  the  drain 
and  the  source  are  injecting  electrons  into  the 
channel  to  replace  electrons  that  have  tunneled 
through  the  oxide.  Figure  5  shows  how  the  drain- 
current  characteristics  can  be  improved  by  re¬ 
ducing  the  gate  length  to  5  pm  [1],  although  for 
Vgb  =  2.0  V,  the  drain  current  remains  negative 
until  Vds  >  0.17  V.  As  Fig.  9  shows,  the  large 
gate  currents  at  small  values  of  the  drain  bias  Vds 
also  increase  the  magnitude  of  the  source  current. 


Lg  s  0.14  urn 
0.09/m 


Left  =o.io  pm  xj  -  30  nm 

0.05 /m  (p8  s  i.4icn/Q) 


Fig.  2.  Schematic  cross-section  of  the  MOSFET 
reported  by  Momose  et  al.  [1]  and  simulated  in 
this  work. 


Tunnel  P  I  SCESoutasaais 


Distance  Along  Interface,  y  (microns) 


Fig.  3.  Tunnel-PISCES  device  simulation  cross- 
section  for  the  MOSFETs  simulated  in  this  work. 


103 


J.  Shiely,  H.  Massoud  /  Microelectronic  Engineering  48  (1999)  101-104 


Drain-to-Source  Voltage,  VDS  (V) 

Fig.  4.  Tunnel-PISCES  simulation  results  of  the 
drain-current  characteristics  of  a  MOSFET  with 
a  1.5  nm-thick  oxide  and  a  1  pm-long  channel. 


Drain-to-Source  Voltage, 

Fig.  6.  Tunnel-PISCES  simulation  results  of  the 
drain-current  characteristics  of  a  MOSFET  with 
a  1.5  nm-thick  oxide  and  a  10  pm-long  channel. 


Drain-to-Source  Voltage,  VDS  (V) 

Fig.  5.  Tunnel-PISCES  simulation  results  of  the 
drain-current  characteristics  of  a  MOSFET  with 
a  1.5  nm-thick  oxide  and  a  5  pm- long  channel. 


Drain-to-Source  Voltage,  Vj>s  (V) 

Fig.  7.  Tunnel-PISCES  simulation  results  of 
the  gate-  and  source-current  characteristics  of  a 
MOSFET  with  a  1.5  nm-thick  oxide  and  a  1  pm- 
long  channel. 


104 


J.  Shiely,  H.  Massoud  /  Microelectronic  Engineering  48  (1999)  101-104 


Fig.  8.  Tunnel-PISCES  simulation  results  of 
the  gate-  and  source-current  characteristics  of  a 
MOSFET  with  a  1.5  nm-thick  oxide  and  a  5/im- 
long  channel. 


Drain-to— Source  Voltage,  Vos  M 

Fig.  9.  Tunnel-PISCES  simulation  results  of  the 
gate-and  source-current  characteristics  of  a  MOS¬ 
FET  with  a  1.5  nm-thick  oxide  and  a  10//m-long 
channel. 


Finally,  similar  to  the  observations  made  in 
[1],  Fig.  4  shows  how  a  further  reduction  of  the 
gate  length  to  1/xm  produces  a  drain  current 
characteristics  that  does  not  include  the  low- Vds 
anomalies  observed  in  Figs.  5  and  6.  Figure  7 
shows  that  even  with  small  values  of  Vds  and 
with  Vgs  =  2  V,  the  direct-tunneling  current 
through  the  gate  oxide  is  not  large  enough  in  mag¬ 
nitude  to  dramatically  perturb  the  source  current. 

4.  CONCLUSIONS 

We  have  reported  simulation  results  of  the  ef¬ 
fects  of  direct  tunneling  through  the  gate  ox¬ 
ide  upon  the  drain  and  source  currents  of  deep- 
submicron  MOSFETs.  These  simulations  are 
needed  to  facilitate  the  design  and  optimization 
of  such  high-performance  deep-submicron  MOS¬ 
FETs  with  gate  oxides  scaled  below  the  direct- 
tunneling  limit. 
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University  of  Liverpool,  Liverpool,  L693BX,  UK. 

Analysis  is  provided  of  the  flow  of  current  through  undoped  polysilicon.  Charge  is  assumed  to  be 
trapped  in  grain  boundaries  giving  potential  barriers  across  which  the  free  electrons  and  holes  pass. 
Barriers  height  depends  on  gate  and  drain  voltage,  as  does  charge  in  the  grain.  At  low  current  the 
electrostatic  effect  of  the  free  charge  is  much  less  than  trapped.  There  is,  therefore,  no  gradual  channel 
and  flux  of  charge  is  controlled  by  the  differences  in  concentration  in  adjacent  grains(quasi-diffusion) 
as  in  the  subtreshold  region  of  MOSFETs.  When  the  number  of  free  carriers  becomes  comparable  with 
that  on  the  gate,  there  is  an  ohmic  change  in  potential,  and  the  channel  current  is  drift  limited  (quasi¬ 
drift)  by  analogy  with  the  gradual  channel  condition  in  MOSFETs.  Variation  field  effect  current  with 
gate  and  drain  voltages  is  compared  with  measurements  at  various  temperatures 

1,  INTRODUCTION 

within  the  gate  oxide.  Subthreshold  slope  is 
The  problem  of  current  flow  in  polycrystalline  then  degraded.  The  same  effect  will  also 

semiconductors  has  not  attracted  the  same  influence  the  operation  of  coulomb  blockade 

interest  as  amorphous  or  single  crystal  devices,  although  almost  nothing  is  known 

materials.  When  it  has,  the  focus  has  been  about  the  location  of  the  stored  charge  in  such 

heavily  doped  films  where  electron  trapping  is  devices, 

relatively  unimportant  (1).  The  uses  of 
polycrystalline  silicon  have  expanded  rapidly  2.  MODEL 

in  the  last  decade.  There  is,  of  course,  its  use  as 

a  gate  material,  for  on-chip  rails,  and  bipolar  Whilst  CV  measurements  may  have  a  place  in 

emmitters.  It  is  important  for  thin  film  the  study  of  polysilicon,  they  measure  average 

transistors  in  display  applications  and  for  a  trapped  charge  concentrations  when  the  grain 

very  important  class  of  coulomb  blockade  size  is  much  less  than  the  dot  diameter.  For  this 

devices.  The  first  use  of  polycrystalline  thin  reason  we  have  chosen  first  to  attempt  an 

films  of  semiconductors  was  in  thin  film  analytical  study  of  surface  conductance,  much 

transistors  of  CdSe  or  CdS  (2).  The  well  used  the  same  as  the  early  field  effect  workers  (3). 

gradual  channel  approximation  emerged  from  We  assume  intrinsic  grains,  defect  free,  with 

that  work.  Conveniently,  that  analysis  avoided  grain  boundaries  of  finite  thickness,  containing 

mention  of  the  effects  of  grain  boundaries  on  densities  of  trapped  charge  which  increase 

channel  current.  This  continued  to  be  the  case  exponentially  towards  the  band  edges.  It  is 

until  good  computer  device  models  emerged.  consistent  with  the  presence  of  amorphous 

An  analytical  model  has  until  recently  not  been  tissue  in  the  boundaries,  but  this  is  not,  of 

available.  itself,  of  great  significance  since  the  theory 

The  need  to  reduce  gate  oxide  thickness  has  led  copes  with  a  series  of  different  exponential 

to  the  problem  of  the  implanted  ions  functions,  the  sum  of  which  can  provide  an 

penetrating  through  poly  and  insulator  into  the  adequate  description  of  a  wider  range  of 

channel  region  of  MOSFETs.  Reduced  depths  distributions.  Prior  to  the  application  of  a  gate 

of  implant,  while  solving  the  problem,  leave  the  voltage  the  fermi  level  is  assumed  to  be  near 

lower  surface  of  the  polysilicon  intrinsic.  There  to  the  centre  of  the  gap,  both  in  the  gap  and 

is  then  the  possibility  of  large  variations  in  the  also,  therefore,  within  the  boundary.  For 

potential  of  the  lower  face  of  the  poly  and  a  electrical  neutrality  this  probably  means  that 

consequent  fluctuation  in  the  field  those  states  in  the  top  half  of  the  energy  gap 
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are  acceptor -like  (negative  with  a  trapped 
electron),  and  donor-like  in  the  lower  half  of 
the  gap  (neutral  when  filled  with  an  electron). 
Suppose  the  gate  oxide  on  the  surface  has  a 
metal  electrode  with  the  fiat  band  voltage 
applied  relative  to  the  back  of  the  poly.  The 
conduction  band  will  be  flat  across  the 
diameter  of  the  dot,  for  both  grain  and 
boundary  regions.  With  a  small  positive  gate 
voltage  the  surface  potential  remains  constant, 
in  spite  of  the  pinning  of  the  fermi  level  at  traps 
in  the  boundary.  This  is  because  the  Intrinsic 
Debye  Length  is  much  longer  that  the  grain. 
The  Debye  Length  falls  rapidly  with  increasing 
electron  concentration.  There  will  come  a 
point,  therefore,with  increase  in  gate  voltage, 
where  the  conduction  band  droops  in  the 
centre  of  the  grain  giving  potential  barriers 
which  impede  the  flow  of  carriers  along  the 
surface. 

For  low  currents,  where  there  is  insufficient 
carrier  density  to  affect  the  surface  potential, 
there  is  a  carrier  concentration  difference 
between  the  centre  of  adjacent  grains,  which 
maintains  the  current  flow  down  the  surface. 

At  higher  currents  where  there  is  sufficient 
charge  density  to  change  the  surface  potential, 
the  carrier  density  is  constant  between  adjacent 


Fig.l  The  variation  of  conduction  band  with 
distance  inside  a  grain  for  low  surface  current. 


There  is,  therefore,  a  rapid  change  in  the  fermi 
level  in  the  grain  boundaries.  The  current  is 
determined  by  these  changes. 

In  contrast  the  fermi  level  for  high  surface 
current  remains  at  a  constant  energy  difference 
from  the  mimimum  in  the  conduction  band 
edge.  The  current  is  determined  by  the 
difference  in  the  barrier  heights  for  electrons  in 
the  forward  and  reverse  directions.  This  is 
shown  in  Fig.  2. 

With  low  currents  (Fig.l)  the  net  current  is 
found  by  summing  the  fluxes  Fi  to  F4  into  the 
grain  at  x,  where  the  carrier  density  is  n(x), 
from  the  grains  at  either  side.  Note  that  2a  is 
the  length  of  the  grain. 


A F  =  ~va2QX  p-( 


kT 


)•[ 


dn(x) 

dx 


]--(D 


where  AF  is  the  sum  of  all  the  fluxes  into  the 
grain  at  x,  v  is  a  constant,  representing  the 
frequency  with  which  electrons  attempt  to 
move  across  the  barrier.  It  has  units  of  t'1.  A< 
is  the  height  of  the  barrier.  AF  is  proportional  to 
the  current  density  at  some  distant  y  from  the 
surface.  To  find  the  total  current  it  is  necessary 
to  integrate  AF  through  the  thickness  of  the 
film. 

For  the  high  current  case,  (Fig.2),  after 
summing  Fel  and  Fc2,  providing  that  the  mean 
field  along  the  surface  Ex  obeys  the 
relationship: 


Ex<kT  I  qa 

the  net  flux  is  given  by 

A F  =  nfijEx 


grains,  but  there  is  a  change  in  the  level  of  the 
conduction  band  down  the  channel.  Band 
diagrams  for  the  low  and  high  current 
conditions  are  shown  in  Fig.  1  and  2 
respectively. 

In  Fig.  1  the  fermi  level  is  drawn  flat  inside  the 
grain  because  here  the  carrier  concentration  is 
high  compared  with  that  in  the  boundary. 


where  the  mobility  p }  is  an  effective  mobility 
that  we  have  called  the  jump  mobility  and 
AF=F1+F2  of  Fig.2.  As  with  the  low  current 
case  the  flux  must  be  integrated  from  the 
surface  to  the  back  of  the  film  to  find  the 
current  I.  It  is  generally  simpler  to  assume  that 
the  potential  at  the  back  of the  film  is  zero,  and 
a  value  at  the  front  of  the  film,<J>y(0),that  is 
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Fig.  2  The  band  diagram  for  high  surface 
current.  The  barriers  for  high  electrons 
moving  in  opposited  directions  are 
different  when  there  is  a  lateral  field  (b). 


Quasi-diffusion: 


determined  by  the  gate  voltage  and  also  to 
change  the  integral  so  that  it  is  in  terms  of  this 
potential  (<J)y) 


1  =  qWj 


*,«»  A Fx 

IT 


d<f>y  (2) 


D  = 


£  xtK 


K-( 2kTcNe  / e)1'2 


L  is  the  channel  length,  W  is  the  channel  width. 
C0  is  the  capacitance  per  unit  area  of  the  oxide, 
s  is  dielectric  constant  of  silicon  and  n,  is  the 
intrinsic  carrier  concentration. 


where  q  is  the  electronic  charge,  W  is  the 
distance  cross  which  the  current  flows  and  Ey  is 
the  value  of  the  field  at  the  surface. 

Assumptions  must  be  made  in  determining 
the  value  of  Ey.  We  assume  that  the  grain 
boundaries  dominate  the  electrostatics  in  the  y 
direction.  By  integrating  Poisson’s  equation 
with  the  charge  density  be  equal  to  that  of  the 
charge  in  file  traps.  The  density  of  such  traps 
Nt  is  given  by 

Nt  =  N0  exp 

where  Tc  is  simply  a  constant  that  defines  the 
distribution  and  No  is  the  concentration  that 
coincident  with  centre  of  the  gap  in  the  grain. 
The  field  Ey  is  given  by 


3*  THIN  FILM  TRANSISTOR 
CHARACTERISTICS 


Drain  Current  1(A) 


Fig.  3  Logarithmic  plot  of  current  against 
gate  voltage  in  the  subthreshold 
(quasidiffusion)  region  indicated  by  the 
straight  line. 


We  have,  for  the  low  currents,  the  quasi 
diffusion  equation  (3)  and  for  the  high  current 
condition  (4). 


Early  studies  of  the  field  effect  current  involved 
measurement  of  the  fractional  change  of 
resistance  as  a  result  of  the  field  induced 
current  in  the  surface  of  the  semiconductor. 
Thin  film  polysilicon  transistors  are  used  in 
advanced  diplay  devices.  They  are  thin  layers 
of  polysilicon  that  have  implanted  sources  and 
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drains.  This  enables  the  field  effect  current  to 
be  measured  unaffected  by  the  bulk 
conductivity.  They  have  characteristics  which 
resemble  those  of  a  conventional  MOSFET  and 
the  sub-  threshold  region  is  shown  in  Fig.  3. 
The  characteristic  temperature  Tc,  in  this 
region,  is  plotted  against  measurement  and 
temperature  in  Fig.4. 


T(K) 

Fig.  4  Plot  of  characteristic  temperature  oi 
the  energy  distribution  of  the  traps  against  the 
measurement  temperature.  Tc  is  found  to  be 
constant  within  experimental  error  up  to 
T=330K 


In  the  quasi-drift  region  there  is  a  linear 
variation  of  current  with  gate  voltage  as  in  Fig.5 


Fig.  5  Variation  of  drain  current  with  gate 
voltage.  The  curve  labelled  ‘theory’  is  fitted 
with  equation  (4). 

The  characteristic  temperature  in  the  quasi¬ 
drift  region  is  found  to  be  equal  to  the 
measurement  temperature.  There  are  two 
possible  explanations.  One  is  that  there  is  no 
trapping.  The  second  is  more  involved.  The 
traps  are  in  the  grain  boundary  and  the 
conduction  band  edge  of  crystalline  silicon 
and  the  mobility  edge  of  the  amorphous  silicon 
are  almost  coincident.  Just  beneath  this  energy 


the  amorphous  silicon  has  a  very  high  density 
of  states.  These  states  would  be  expected  to  fill 
with  electrons  as  those  at  the  mobility  edge  (4). 
There  is  under  these  cicumstances  a 
proportionality  between  the  fiee  and  trapped 
charge.  In  this  treatment  the  trapping  levels 
would  be  expected  to  have  a  characteristic 
equal  to  the  temperature  of  the  measurement. 

There  is  a  further  consequence  of  the  high 
current  theory.  The  measured  field  effect 
mobility  pFE  is  a  combination  of  the  jump 
mobility  jUj  which  is  temperature  dependent 
and  the  mobility  at  the  surface  of  the  grain  Pg. 
As  the  grains  become  larger  the  grain  mobility 
dominates  whereas  with  small  grains  it  is  the 
jump  mobility.  The  relationship  governing  this 
behaviour  is 

111 
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Fig.  6  Variation  of  field  effect  mobility 
with  grain  size 

By  parameter  fitting  to  the  characterisitics 
with  an  average  grain  length  of  0.1  pm  we 
obtain  the  curve  of  Fig.  6  for  the  variation  of 
field  effect  mobility  with  grain  size. 
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Quantum  Mechanical  Characterization  of  E’-Type  Centers  in  a-SiOx  Films. 
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Atomic  structure  and  spin  properties  of  model  clusters  representing  neutral  E  -type  centers  have  been 
determined  by  ab  initio  Hartree-Fock  calculations  using  extended  basis  sets.  From  a  comparison  of  the  calculated  spin 
properties  of  the  model  E’-type  centers  with  the  experimental  data,  we  identify  the  recently  observed  X  center  with 
02Si=SiT  atomic  structure.  The  other  E’-type  species  with  OSi2=SiT  atomic  structure  and  identified  here  as  the  Y  center 
has  not  yet  been  reported. 


I.  INTRODUCTION 

Paramagnetic  point  defects  are  the  main  source  of 
performance  degradation  of  Si/Si02  based 

microelectronics  devices  [1].  Among  the  various  point 
defects  observed  in  the  oxide  layer,  the  majority  is  related 
to  the  oxygen-vacancy  (V0).  The  most  extensively  studied 
V0  related  point  defects  in  metal-oxide-semiconductor 
(MOS)  devices  are  the  E’  centers  [2,3].  A  common 
variant,  called  E’y,  [4],  is  characterized  by  a  (03sSi 
+Si=03)  local  atomic  structure  [5,6].  It  is  generally 
believed  that  the  unpaired  electron  in  this  defect  is 
localized  in  a  sp3-hybridized  bond  of  a  tetrahedral  Si  and 
the  positive  charge  is  localized  on  a  distant,  non- 
tetrahedral  Si  center,  perhaps  bonded  to  a  triply 
coordinated  O  atom  [5,6].  The  atomic  structure  of  another 
variant  of  the  E’  center,  called  E’s  [7-10],  is  somewhat 
uncertain,  although  quantum  mechanical  calculations 
[11,12]  suggest  it  to  be  a  simple,  symmetric  variant  of  the 
E’y  center.  Similar  to  E’y,  the  E’s  center  is  believed  to  be  a 
positively  charged  species  when  electron  spin  resonance 
(ESR)  active  [7-10].  There  is  also  evidence  in  the 
literature  of  point  defects  similar  to  the  E’y  center  without 
the  positive  charge.  These  centers  have  been  observed  in 
Si-rich  thin  Si02  films  near  Si/Si02  interface  and  are  called 
'hemi’,  or  surface  E’y  (E's  )  centers  [13,14].  The  local 
atomic  structure  of  this  center  is  believed  to  be  the 
electron-spin  containing  half,  (^sSi*  of  the  E’y  center,  i.e., 
a  tetrahedral  Si  center  bonded  to  three  O  atoms  and  an 
unpaired  electron  (spin,  s=l/2)  localized  in  a  dangling  sp3 
bond.  The  E’s  center  is  ESR  active  when  neutral. 


An  all-Si  counterpart  of  the  E’,  center, 
observed  at  the  Si/Si02  interface,  is  the  Pb  center  of 
Nishi  [15],  characterized  by  a  Si3=Sir  local  atomic 
configuration  [16,17],  in  which  the  unpaired  electron 
containing  sp3  orbital  points  in  the  direction  of  the 
oxide.  Between  the  E’  (03=sF)  and  the  Pb  (Si^Si1) 
centers,  two  more  E’-type  centers  with  configurations 
02Si=Sit  and  OSi2=Sf  are  possible  as  defects  in 
partially  oxidized  or  Si-excess  Si02  samples.  These 
“E’-type”  defects  have  been  suggested  to  exist  at  the 
Si/Si02  interface  [17],  in  a-SiOx  (0<x<2)  [18,19],  and 
in  Cr  ion-implanted  a-Si02  samples  [20].  Recently, 
Hosono  et  al  [21]  have  attributed  a  new  doublet 
structure  with  230  G  separation  in  the  ESR  spectrum  of 
Si-implanted  a-Si02  to  the  E’-type  centers. 
Experimental  evidence  also  suggest  E’-type  defects 
with  atomic  structure  03.nSin^sF  (n=  1  and/or2)  to  exist 
in  x-ray  irradiated  phospho-silicate  glass  during  high- 
temperature  annealing  [22]  and  in  standard  Si02  grown 
on  Si  during  postoxidation  high-temperature  annealing 
in  oxygen  deficient  ambient  [23].  However,  the  exact 
nature  of  the  atomic  structure  and  composition  of  these 
centers  remain  unknown. 

The  goal  of  the  present  study  is  to  understand 
the  structural  changes  around  a  paramagnetic  Si  center 
that  constitutes  the  E’s  centers  (03=Si  )  in  the  oxide 
upon  successive  replacement  of  the  O  atoms  by  Si 
atoms  by  ab  initio  quantum  mechanical  calculations  of 
the  electronic  structure  and  spin  properties.  Another 
goal  of  the  present  study  is  to  develop  an  understanding 
of  the  electronic  structure  features  of  partially  oxidized 
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Si  centers  in  Si-excess  a-Si02  and  use  it  to  explain  the 
experimental  observations  [20,21].  As  the  first  ab  initio 
quantum  mechanical  study  of  the  E’-type  centers,  the 
present  set  of  calculations  provide  useful  information  on 
the  distribution  of  unpaired  electron  spin  in  successively 
reduced  (replacement  of  O  atoms)  E's  centers. 
Additionally,  the  results  of  the  present  calculations  suggest 
that  the  Si-center  responsible  for  the  230  G  doublet,  called 
the  X  center  by  Hosono  et  al.  [21]  in  the  Si-ion  implanted 
a-Si02  samples,  is  bonded  to  two  oxygen  atoms  and  a  Si 
atom  (02Si=Sir).  The  second  E’-type  species  in  which  a  Si 
atom  is  bonded  to  two  Si  atoms  and  one  O  atom 
(OSi^Si1)  has  not  yet  been  reported  in  a-Si02.  This 
species,  called  the  “Y  center”  here,  is  predicted  to  have  a 
fairly  large  ESR  hyperfine  coupling  constant  to  be  detected 
and  identified  in  Si-excess  oxide  samples. 

H.  CALCULATIONS 

Calculations  were  performed  on  the  03=Sip, 
02Si=Sip,  OSi2=Sip,  and  Si3=Sip  model  atomic  clusters. 
The  valency  of  the  outer  O/Si  atoms  was  terminated  by  H 
atoms.  The  paramagnetic  Si  center  is  denoted  in  the 
chemical  formula  and  in  the  rest  of  the  paper  as  Sip  to 
distinguish  it  from  other  Si  atoms  in  the  cluster.  The  03Sip 
model  cluster  represents  the  E’  (E’s)  center  while  Si3Sip 
represents  the  Pb  (or  the  D  center  in  amorphous  Si)  center. 
The  intermediate  two  structures  represent  the  E’-type 
centers  [21]  generated  by  successively  replacing  one  or 
two  O  atoms  in  the  E*s  structure  by  Si  atoms.  All  four 
centers  are  neutral  species.  The  stable  geometries  were 
obtained  from  total  energy  minimization  of  the  clusters  by 
use  of  an  ab  initio  unrestricted  Hartree-Fock  (UHF) 
calculations  with  use  of  a  6-3 1G**  Cartesian  Gaussian 
basis  set.  The  spin  properties  (spin  density  ps,  isotropic 
hyperfine  coupling  constant,  ajso,  and  components  of  the 


anisotropic  hyperfine  coupling  tensor  T)  of  the  model 
clusters  at  their  optimized  geometry  were  calculated  by 
ab  initio  UHF  method  using  a  double-zeta  plus 
polarization  (DZP)  Gaussian  basis  set.  In  order  to 
examine  the  effect  of  the  basis  function  on  calculated 
results,  the  spin  properties  were  also  calculated  using  a 
triple-zeta  plus  polarization  (TZP)  basis  set.  The  theory 
of  hyperfine  interaction  and  the  details  of  our 
computational  approach  have  been  described  elsewhere 
[11,12]. 

HI.  RESULTS  AND  DISCUSSION 

The  optimized  equilibrium  geometry  of  the 
model  clusters  used  to  represent  the  E’,  E’-type,  and  Pb 
(D)  centers  are  listed  in  Table  I.  The  optimized  Si-0 
bond  distances  are  slightly  larger  than  the  average  value 
of  1.61-1.62  A  found  in  a-Si02.  The  average  Sip-Si 
distance  is  about  the  same  as  that  calculated  for  Si-Si 
dimer  [11,12].  It  is  interesting  to  note  that  the  Sip-0 
bond  distance  increases  as  the  number  of  Sip-Si  bonds 
in  the  cluster  increases.  The  changes  in  the  bond 
distances  are  accompanied  by  appropriate  changes  in 
the  angles  formed  by  O  and  Si  atoms  at  Sip.  We  note 
that  the  geometry  around  Sip  center  changes  from  a 
nearly-pyramidal  one  in  03=Sip  to  a  nearly  planar  one 
in  Si3=Sip.  This  is  consistent  with  the  electronegativity 
of  the  atoms  in  an  AB3  cluster  [24].  In  accordance  with 
the  Walsh  rules  [24]  for  the  AB3  type  structures,  atom 
A  (here,  Sip)  moves  toward  the  plane  made  by  the  three 
B  atoms  (here  O  and/or  Si)  as  the  electronegativity  of 
the  latter  decreases. 

Next  we  examine  the  spin  properties  of  29Si 
center  in  our  model  clusters.  The  spin  properties  for  the 
Sip  center  calculated  with  the  use  of  a  DZP  (denoted  A) 
and  a  TZP  (denoted  B)  basis  set  are  listed  in  Table  II. 
Also  listed  under  aiso  in  column  3  of  the  Table  are  the 


Table  I.  Calculated  bond  distances  (A)  and  bond  angles  Q.  The  paramagnetic  Si  center  is  denoted  as  Sip. 


Model 

Cluster 

R(Si-0) 

R(S-Sip) 

<0-Sip-0 

<Si-Sip-0 

<Si-Sip-Si 

jgg^g|| 

1.643, 

1.635,1.637 

- 

■ 

- 

- 

tlSSSMPI 

1.653,1.652 

2.355 

110.3 

106.2,112.7 

- 

IsktSsifli 

1.664 

2.356,  2.356 

- 

112.35 

115.23 

KB83H— 

- 

2.351,2.351,2.351 

- 

- 

115.8 
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experimental  values  [21,25]  closest  to  the  calculated 
results  for  a  particular  model  structure.  First,  it  is 
gratifying  to  note  that  the  calculated  spin  properties  change 
very  little  upon  change  in  the  basis  set.  Specifically,  the 
isotropic  hfc  (aiso)  remains  essentially  unchanged  or 
changes  by  a  negligible  amount  between  the  two  basis  sets. 
The  principal  components  of  the  anisotropic  hfc  tensor,  T, 
exhibit  a  slight  increase,  by  up  to  10%,  in  the  magnitude  in 
going  from  the  smaller  (DZP)  to  the  larger  (TZP)  of  the 
two  basis  sets  employed.  The  increased  magnitude  of  T;V 
in  TZP  basis  set  results  from  an  improved  description  of 
the  valence  region  by  this  basis  set. 

The  calculated  results  for  the  spin  properties 
reveal  a  number  of  interesting  feature  of  the  E’-type 
structures.  First,  we  note  that  upon  successive  replacement 
of  O  atoms  by  Si  atoms,  the  spin  density,  ps,  at  the 
paramagnetic  29Si  nucleus  shows  a  gradual  decrease. 
Accordingly,  the  magnitude  of  the  contact  term,  aiso(29Si), 
of  the  hyperfme  coupling  decreases  gradually  with  the 
replacement  of  O  atoms  by  Si  atoms.  On  the  other  hand, 
the  anisotropic  part,  T,  of  the  hyperfine  coupling  that 
accounts  for  the  spin  density  in  the  bonding  region  of  the 
paramagnetic  nucleus,  shows  a  gradual  increase  upon 
successive  replacement  of  the  O  atoms.  Such  changes  are 
caused  by  the  decrease  of  the  3s  character  in  the  spin 
containing  orbital  of  the  paramagnetic  Si  center  due  to  a 
greater  overlap  with  similar  orbitals  of  the  other  Si  atoms 
as  the  latter  replace  O  atoms.  At  the  same  time,  the 


directional  character  of  the  dangling  bond  at  the 
paramagnetic  center  also  increases  with  increased 
overlap  between  the  Si  3 p  orbitals.  This  results  in  an 
increase  in  the  magnitude  of  the  dipolar  or  the 
anisotropic  part  of  the  hyperfme  coupling. 

Upon  comparison  with  the  experimental  hfc, 
we  note  that  the  calculated  values  of  aiso  for  the 
paramagnetic  29Sip  center  in  03=Si^  model  cluster  is  too 
low  by  about  18  %  compared  to  that  for  the  E’s  center 
[21].  In  the  case  of  the  Si3^SiT  model  cluster,  which 
represents  the  Pb  center,  the  calculated  aiso  is  about  10% 
too  large  compared  to  the  corresponding  experimental 
value  [25].  A  discrepancy  of  this  magnitude  between 
the  theoretical  values  calculated  on  isolated  molecular 
structures  and  experimental  values  of  ESR  hfc 
constants  measured  in  the  condensed  phase  is 
considered  quite  acceptable.  This  gives  us  confidence 
in  the  model  clusters  and  the  calculated  results.  The 
calculated  aiso  for  the  paramagnetic  29Si  (Sip)  center  in 
02Si=Sit  cluster  is  in  excellent  agreement  with  the 
experimental  value  of  230  G  measured  for  the  X 
centers  in  Si-implanted  a-Si02  samples  [21].  The 
calculated  value  of  the  aiso  for  the  paramagnetic  Si 
center  in  other  E'-type  cluster,  OSi2=Si\  is  far  too 
small  to  compare  with  the  experimental  value  for  the  X 
center  [21].  This  comparison  between  the  calculated 
results  and  the  available  experimental  data  on  the  ESR 
hfc  constants  of  neutral  V0  related  species  allows  us  to 


Table  II.  Calculated  spin  density,  ps,  and  hyperfme  couplings  (Gauss)  for  the 
paramagnetic  (p)  29Si  center  in  E’s,  E-type,' and  Pb(D)  model  clusters. _ 


Model  Basis  Set* 

Cluster 

Ps 

mm 

HI 

iH 

Oj=SiT  A 

B 

1.173380 

1.181968 

-372.26 

-374.98 

(440) 

21.17 

23.63 

20.18 

22.53 

-41.35 

-46.16 

02SfaSiT  A 

B 

0.778456 

0.778458 

M 

25.02 

27.69 

22.20 

24.65 

-47.22 

-52.34 

OSi2=SiT  A 

B 

0.612943 

0.614667 

H 

26.11 

28.80 

HI 

-50.81 

-56.12 

Si3=SiT  A 

B 

0.393549 

0.395341 

nun 

25.95 

28.61 

25.95 

28.61 

aThe  basis  sets  are  A:  DZP;  B:  TZP. 

bThe  numbers  inside  parentheses  are  the  experimental  values  taken  from  refs  [21]  and  [25]. 
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assign  the  atomic  structures  for  the  E’-type  centers.  We 
assign  the  X  center,  observed  by  Hosono  et  al.  [21]  with 
02Si=SiT  atomic  structure  and  the  Y  center,  which  seems 
to  have  escaped  the  detection  so  far,  with  OSi2=Si^  atomic 
structure. 

IV.  SUMMARY 

We  have  calculated  the  structure  and  spin 
properties  of  model  clusters  representing  E^Cb^Si1), 
Pb(Si3sSi*),  and  two  intermediate  species  (02Si=Si^  and 
OSi2=SiT)  using  ab  initio  Hartree-Fock  method  and 
extended  atomic  basis  sets.  Our  calculations  reveal  that 
successive  replacement  of  O  atoms  from  the  E’s  structure 
by  Si  atoms  results  in  the  relaxation  of  the  central  Si  atoms 
from  a  nearly  pyramidal  position  to  a  near-planar  position. 
This  change  in  the  geometry  accompanies  a  decrease  in  the 
isotropic  hfc  and  an  increase  in  the  magnitude  of  the 
anisotropic  hfc  at  the  paramagnetic  (central)  Si  atom.  The 
calculated  aiso(29Si)  for  the  model  E’s  and  Pb  clusters  are  in 
good  agreement  with  their  experimental  counterparts, 
lending  confidence  in  the  accuracy  of  atomic  models  and 
theoretical  approach.  A  comparison  of  the  calculated  hfc 
for  the  E’-type  model  clusters  with  the  recently  observed  X 
center  lets  us  assign  the  latter  with  02Si=SiT  atomic 
structure.  There  seems  to  be  no  experimental  data  in  the 
literature  on  the  other  E’-type  species  with  OSi2=Si^ 
atomic  structure  and  identified  as  Y.  The  calculated  hfc 
constants  for  the  Y  center  are  quite  large  and  should  be 
detected  along  with  the  X  centers  in  Si-rich  oxides. 
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Nature  of  the  Pbi  interface  defect  in  (100)Si/SiO2  as  revealed  by  electron  spin  resonance 
29Si  hyperfine  structure 

A.  Stesmans*  and  V.  V.  Afanas'ev 

Department  of  Physics,  University  of  Leuven,  3001  Leuven,  Belgium 

Observation  by  electron  spin  resonance  of  the  full  angular  dependence  of  the  hyperfine  (hf)  interaction  spectrum 
associated  with  the  interfacial  Pbi  defect  in  thermal  (100)Si/SiO2  shows  that  the  dominant  interaction  arises 
from  a  single  29Si  atom.  The  hf  tensor  displays  weakly  monoclinic  I  (nearly  axial)  symmetry,  with  the  principal 
axes  of  the  g  and  hf  tensors  coinciding.  Observation  of  an  identical  hf  structure  consolidates  the  presence  of  the 
Pbl  defect  in  porous  Si.  A  molecular  orbital  analysis  indicates  that  the  unpaired  electron  resides  for  -58%  in  a 
single  unpaired  Si  hybrid  orbital,  found  to  be  14%  s-like  and  86%  p-like,  with  the  p-orbital  pointing  closely 
along  a  <21 1>  direction  at  35.26°  with  the  [100]  interface  normal.  Excluding  oxygen  as  an  immediate  part  of 
the  defect,  the  results  establish  the  Pbl  core  as  a  tilted  (-20°  about  <01 1>)  Si3=Si*  unit.  The  moiety  is  pictured 
as  part  of  a  strained  Si-Si  dimer  near  the  interface. 

untenable  based  on  calculations6  on  five  model 
1.  INTRODUCTION  clusters,  including  the  initial  •Si=Si20.  None  of  the 

The  Pb-type  centers  are  electron  spin  models  appeared  acceptable.  So,  up  to  now,  the 

resonance  (ESR)  active  coordination  point  defects  atomic  identity  of  Pbi  is  still  unknown,  basically 

inherently  generated  at  the  thermal  Si/SiC^  because  of  lacking  hyperfine  (hf)  data.  Recent  work5 

interface  as  a  result  of  mismatch1.  At  least  part  of  on  (100)Si/SiO2  structures  exhibiting  predominantly 

these  were  shown  to  be  electrically  detrimental  the  Pbi  species  resulted  in  accurate  values  of  PM 

charge  traps,  wherefrom  originates  the  ESR  parameters.  The  monoclinic  I  symmetry  of  the 

technological  interest  in  atomic  identification.  Their  g  tensor  was  confirmed  with  gi=2.0058,  gr=2. 00735 

appearance  depends  on  the  crystallographic  and  g3=2.0022,  where,  importantly,  the  g3  direction 

interface  orientation1.  At  the  (lll)Si/Si02  interface,  is  at  3  ±  1°  (towards  the  [100]  interface  normal  n) 

ESR  has  so  far  isolated  only  one  type  of  defect,  with  a  <21 1>  direction. 

specifically  termed  Pb,  exhibiting  C3v  symmetry.  It  So  far,  only  one  successful  Pbi  hf  observation 

has  been  identified2,3  as  a  trivalent  interfacial  Si,  in  thermal  (100)Si/SiC>2  has  been  reported7,  limited 

denoted  as  Si3=Si*.  The  (100)Si/SiC>2  interface,  by  to  a  single  orientation  (||n  )  of  the  applied  magnetic 

contrast,  exhibits  two  prominent  types  of  defects,  field  B.  A  hf  splitting  of  Afioorl^  G  was  inferred 

termed  Pbo  and  Pbi,  each  with  an  inherent  density4  for  Pbl,  about  50  G  larger  than  for  Pbo  (-105  G  for 

of-lxl012cm'2for  standard  oxidation  temperatures  B||n)  which  in  turn  is  comparable  to  the  one  of  Pb 

(800-950  °C).  The  initial  observations5  indicated  (-117  G  for  B||n).  From  this,  it  was  speculated  the 

lower  than  C3v  symmetry  (C2v)  -monoclinic  I-  for  pM  hf  structure  also  to  arise  from  interaction  with  a 

both  defects,  the  Pbo  symmetry,  however,  being  single  29si,  as  is  the  case  for  Pbo  and  Pbl.  Though 

nearly  axial  about  <11 1>.  Based  on  the  close  ESR  useful,  the  singularity  of  this  observation  left  any 

features,  there  is  now  a  consensus  that  Pbo  is  progress  in  modeling  desperately  speculative, 

similar  to  Pb  ,  but  residing  at  (imperfections  of)  a  Moreover,  that  hf  observation  was  recently 

macroscopic  (100)Si/SiO2  interface.5  contested8  by  ESR  results  on  porous  Si  (PSi),  failing 

The  initially  proposed  model3  for  Pbi  was  an  to  resolve  any  hf  structure  attributable  to  Pbi.  In  the 

interfacial  •Si=Si20  entity  (cf.  PbiP  model  in  Fig.  1),  current  work,  we  report  on  the  successful 

suggesting  the  center  to  differ  chemically  from  Pb  determination  of  the  hf  tensor  (A)  symmetry  and 

and  Pb0.  That  model,  however,  had  appeared  interaction  strengths  of  the  dominant  29Si  hf 
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structure,  providing  a  fundamental  clue  to  the 
defect's  atomic  identity. 

2.  EXPERIMENTAL 

Slices  of  2x9  mm2  main  face  were  cut  from  a 
4  in.-diam.  two  side  polished  p-(100)Si  wafer  (float 
zone;~0.  IQcm;  -  29  pm  thick),  with  the  9  mm  edge 
along  a  <01 1>  direction.  After  cleaning,  the 
samples  were  submitted  to  three  thermal  steps:  (1) 
Thermal  oxidation  at  970  °C  (1.1  atm  O2;  99.9995 
%;  dry;  do*-42  nm);  (2)  hydrogenation  (H2;  1  atm) 
at  795  °C  for  1  h  to  maximize  Pbi  density;  (3) 
vacuum  anneal  at  -620  °C  for  -1  h  -a  treatment 
known  to  exhaustively  depassivate  (ESR-activate) 
the  Pb-type  defects4.  Typically,  an  intensity  ratio 
[Pbi]/[Pbo]«122  is  obtained,  with  [PM]  = 
(7.2±0.5)xl012  cm-2.  An  ESR  sample  bundle 
typically  comprised  about  70  slices.  Porous  Si  was 
produced  by  stain  etching9  of  p-(100)Si  (-12  f2cm) 
in  a  solution  of  3g  NaN02  in  100  ml  HF(49%). 
Prior  to  etching,  the  surface  was  mechanically 
abraded  to  enhance  surface  reactivity.  After  having 
stayed  in  room  ambient  for  -24  h,  the  samples  were 
annealed  for  -1  h  at  650  °C  in  vacuum  (-lxlO'6 
Torr). 

Conventional  CW  ESR  (-20.1  GHz) 
measurements  were  carried  out  in  the  1.6-4. 3  K 
range.  Routinely,  it  is  operated  in  the  adiabatic  slow 
passage  (incident  microwave  power  PM  -20  pW) 
absorption  mode,  where  first  derivative  absorption 
signals  were  recorded  by  modulation  (-100  kHz; 
amplitude  -0.6  G)  of  B.  Optimum  hf  structure 
detection,  however,  was  obtained  at  higher  Pfi  (-0.8 


Fig.  1:  Models  for  Pm  at  the  ( 1 00)Si/SiC>2  interface: 
(a)  intial  model  (PbiP)  after  Ref.  3;  (b)  strained 
defected  Si-Si  dimer  (similar  to  SB1  model  in  Ref. 
6)  with  unpaired  sp3  hybrid  adjusted  along  [211]. 
Dashed  drawing  pictures  the  Si  lattice  before  the 
dimer  formation. 


nW).  The  rapid  passage  effects  at  1.6  K  under  these 
partial  saturation  conditions  resulted  in  recording 
undifferentiated  absorptionlike  peaks.  B  was  rotated 
in  the  (011)  plane  with  the  angle  q>B  of  B  with  n, 
varying  from  0  90°. 

3.  EXPERIMENTAL  RESULTS 

Typical  ESR  spectra  observed  in  the  low  PM 
(undistorted)  mode  at  1.6  K  are  shown  in  Fig.  2  for 
three  orientations  of  B.  Though  this  detection  mode 
is  not  the  most  sensitive  one,  hf  structure  is  clearly 
resolved  next  to  strong  Pbo  and  Pbi  (central)  Zeeman 
signals.  The  simplest  spectrum  occurs  for  B||n, 
displaying  pairs  of  hf  doublets  of  splitting 
ABm{100]=  105±2  and  156±2  G  centred  at  the  Pb0 
and  Pbi  Zeeman  signals,  respectively.  The  first  one 
is  the  expected  Pbo  29Si  hf  structure,  of  splitting  well 
in  agreement  with  previous  results7,10.  The  second 
doublet  is  assigned  to  Pbi.  It  was  observed  once 
before,  with  identical  splitting7.  In  the  latter  work, 

(100)SVSIO2  Pbi 


I — . — I — , — I — . — I — . — I - . — I - . — I— 

7040  7080  7120  7160  7200  7240  7280 


MAGNETIC  FIELD  (G) 

Fig.  2:  Absorption  derivative  ESR  spectra  observed 
in  the  adiabatic  slow  (a,c,d:  P^-20  pW)  and  rapid 
(b;  P^-0.8  nW)  passage  mode  in  thermal 

(100)Si/SiC>2  for  three  directions  of  B  in  the  (011) 
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to  maximize  the  signal-to- noise  ratio,  ESR  was 
measured  at  temperatures  <30  K  in  the  dispersion 
mode  under  fast  passage  conditions  giving 
absorptionlike  signals.  That  observation  (Fig.  4  of 
Ref.  7)  is  confirmed  here  when  measuring  at  higher 
Plunder  similar  circumstances  [B||n;  cf.  Fig.  2(b)]. 

Unlike  previous  work,  the  achieved  signal 
enhancement  has  enabled  us  to  perform  the  full 
angular  variation  of  the  hf  structure.  This  is 
exemplified  in  Fig.  2  also,  where  the  Pbi  hf  structure 
is  seen  to  split  into  various,  generally  three, 
components.  This  is  as  expected  for  Pbi  as  for  B 
rotating  in  the  (Oil)  plane,  the  g  map  exhibits  three 
branches3,5.  The  three  Pbi  hf  components  exhibit 
different  relative  intensity,  one  being  of 
approximately  double  intensity. 

As  determined  on  undistorted  low  P^  spectra, 
the  ratio  in  spectral  intensity  (area  under  absorption 
curve)  of  the  hf  doublet  to  the  Zeeman  signal  is 
found  to  be  0.044±0.006  for  Pbl.  This  agrees  with 
the  value  of  0.049  expected  for  interaction  with  a 
single  29Si  (4.70%  natural  abundance)  nucleus. 

The  entire  Pbi  spectrum  can  be  described11  by 
the  simplified  spin  Hamiltonian  H  =  pBB.g.S  + 
Ij.Aj.S,  with  effective  electron  spin  S—'A.  The  first 
term  is  the  electronic  Zeeman  interaction,  the 
second  term  the  spin-nucleus  hf  interaction.  Here  g 
is  the  electronic  g  dyadic,  I  the  nuclear  spin  (=lA  for 
29Si),  and  Aj  the  hf  tensor  for  interaction  of  the 


Magnetic  Field  (G) 

Fig.  3:  ESR  spectrum  observed  in  PSi  at  4.3  K  in 
the  rapid  passage  mode  (PK  -2.5  nW)  for  B  ||  n. 


electron  spin  with  the  jth  nearby  lattice  site;  for  the 
present  PM  case,  j=l.  Similar  to  the  Zeeman  g  map, 
the  hf  structure  pattern  is  readily  fitted  with 
monoclinic  I  symmetry,  with  the  relative  branch 
intensities  in  agreement  with  experimental  data. 
The  optimised  fitting  gives  the  principal  hf  tensor 
values  A1(||[011]>=102±3  G,  A2(-|| [111])=112±3 
G,  and  A3(-||[211])=167±3  G.  The  departure  from 
trigonal  (axial)  symmetry  thus  appears  small.  In 
fact,  within  experimental  accuracy,  the  data  are 
equally  well  fitted  by  axial  symmetry,  giving  the 
values  A||=A3=167  G  and  Ax=107  G  [=Ai+A2)/2]. 
We  shall  henceforth  assume  axial  symmetry.  The 
principal  hf  tensor  axes  are  found  coinciding  with 
those  of  the  g  tensor  within  the  experimental 
accuracy  (-3°). 

Figure  3  shows  an  expanded  ESR  spectrum 
observed  on  PSi  for  B||n.  When  comparing  with 
spectrum  (b)  in  Fig.  2  for  ‘bulk’  (100)Si/SiO2, 
measured  under  similar  conditions,  the  similarity  is 
obvious,  demonstrating  the  presence  of  both  Pbo  and 
Pbi  .  Two  pairs  of  hf  doublets  my  be  discerned  of 
splitting  ABbr=154  +  3  and  110  ±  3  G,  quite  in 
agreement  with  those  observed  for  Pbl  and  Pbo  , 
respectively  in  standard  (100)Si/SiO2.  However,  the 
Pbi  hf  signals  appear  much  broadened,  i.e., 
ABpp^-lS  G  versus  11±1  G  in  standard 
(100)Si/SiO2.  A  similar  broadening  of  the  hf  signals 
was  observed12  for  Pb  in  (lll)Si/native  SiC^.  As 
suggested,  this  broadening  may,  at  least  partially, 
account  for  the  previous  failure  to  resolve  29Si  Pbi  hf 
in  PSi.  The  broadening  is  seen  as  a  result  of  the 
greater  sensitivity  of  hf  interactions  than  the  central 
Zeeman  line  to  strain  and  disorder. 

Interpretation  within  the  classical  linear 
combination  of  atomic  orbitals  (LCAO)  analysis11 
indicates  that  the  unpaired  electron  resides  for 
-58%  in  a  single  unpaired  Si  sp3  hybrid  of  14%  s 
and  86%  p  character.  Remarkably,  this  unpaired  Si 
hybrid  points  closely  (within  -3°)  along  a  <21 1> 
direction  at  35.26°  with  n.  The  gyromagnetic  and  hf 
tensor  symmetries  are  found  identical  within 
experimental  accuracy.  Within  the  LCAO 
framework,  the  results  must  imply  that  the  key  part 
of  Pbi  consists  of  a  tilted  =Si*  entity  that,  under 
interfacial  physicochemical  influence,  has  rotated 
about  a  [011]  axis  over  -20°  so  as  to  bring  the  Si 
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dangling  bond  from  its  normal  [111]  direction 
towards  to  the  nearest  [211]  direction. 

As  to  modeling,  the  newly  inferred  hf  data 
are  strict.  For  instance,  it  eliminates  at  once  all 
suggestions  based  an  a  =Si»  unit  regularly 
incorporated  in  c-Si.  Perhaps  in  a  simplest  scheme, 
it  may  be  pictured  as  incorporated  as  one  half  of  a 
Si2=Si»-Si=Si3  defected  dimer  configuration 
(similar  to  SB1  in  Ref.  6).  As  a  result  of  the  pulling 
of  the  two  interfacial  next  nearest  neighbor  Si  atoms 
together  under  influence  of  surrounding  strain 
during  the  Si-Si  bond  reformation,  the  Si2=Si»- 
moiety  with  the  left  broken  bond  may  be  envisaged 
as  having  tilted  over  -20°  about  the  [Oil]  axis  away 
from  [ill]  towards  the  [100]  interface  normal,  the 
unbonded  hybrid  now  pointing  approximately  along 
[211]  (see  Fig.  1).  In  this  picture  then,  the  fact  that 
the  g2  axis  direction  ends  up  nearly  along  [111]  is 
rather  coincidental.  Placed  slightly  subinterfacial, 
the  defect  structure  thus  being  rigourously  fixed  by 
the  Si  lattice  without  much  disturbance  from  the  top 
SiC>2  network,  this  picture  could,  at  least  in 
principle,  incorporate  the  various  salient 
experimental  facts  thus  far  accumulated:  The 
symmetry  axes  of  the  unpaired  orbital  at  such  tilted 
Si2=Si*-Si  entity,  i.e.,  [Oil],  ~[211],  and  -[111], 
agree  with  the  measured  principal  g  axes5.  Also 
according  to  this  symmetry,  with  one  backbond 
strained,  three  different  principal  g  value 
magnitudes  are  expected,  that  is,  lower  than  axial 
symmetry.  As  the  unpaired  spin  resides  in  a  single 
dangling  sp3-like  hybrid,  the  g  and  hf  tensor 
symmetries  are  expected  to  coincide  to  first  order, 
also  as  observed.  While  initial  calculations6 
concluded  the  Si2=Si«-Si=Si20  dimer  model  to  be 
untenable,  more  recent  ab  initio  unrestricted 
Hartree-Fock  calculations13  support  the  dimer 
assignment. 

4.  CONCLUSIONS 

Optimized  ESR  experiments  have  succeeded 
in  the  full  angular  mapping  of  the  strong  29Si  Pm  hf 
interaction  in  thermal  (100)Si/SiO2.  The  Pbi  defect 
is  identified,  like  Pb,  as  a  prototype  Si  dangling 
bond  defect.  If  excluding  oxygen  as  a  basic  part  the 
defect,  its  basic  entity  is  revealed  as  a  <21 1> 
oriented  (~20°  tilted)  strained  Si3=Si«  unit.  In 
broader  sense,  it  appears  part  of  a  strained  defected 
interfacial  dimer.  The  presence  of  the  identical 


defect  in  porous  Si  is  consolidated,  herewith 
removing  previous  dispute. 
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Stable  structures  and  electronic  states  of  Si(100)/SiO2  interface  have  been  investigated  with 
the  first-principles  molecular  dynamics  method.  Quartz,  tridymite,  and  pseudo  (3-cristobalite  are 
employed  as  the  initial  structures  of  Si02  at  the  interface  to  find  the  stable  ones  by  structural 
optimization.  It  is  found  that  the  optimized  tridymite-type  Si02  on  Si  is  most  stable  for  a  thin  ( 
about  7  A)  Si02  layer.  For  a  thicker  (  about  15  A  )  layer,  however,  this  structure  becomes  less 
stable  than  the  others,  and  the  optimized  quartz-type  Si02  structure  becomes  most  stable. 
Variation  of  the  band  gap  perpendicular  to  the  interface  has  also  been  investigated.  In  the  Si02 
region  from  the  structural  interface  to  a  point  about  1  A  away  from  it,  the  band  gap  remains  as 
narrow  as  that  of  silicon.  The  dramatic  change  of  the  band  gap  takes  place  in  the  Si02  region 
from  about  1  to  4  A  away  from  the  interface. 


1.  INTRODUCTION 

According  to  the  requirement  for  thinner 
insulating  layers  in  silicon-based  electronic 
devices,  the  importance  to  characterize  the 
Si(100)/SiO2  interface  region  at  the  atomic 
scale  is  increasing. 

On  the  Si/Si02  interface  structure,  a  lot  of 
experiments  have  been  carried  out,  and 
several  models  which  suggest  the  existence  of 
crystal  phases  of  Si02  have  been  proposed, 
for  example,  a  tridymite  layer  about  5  A  thick 
at  the  interface  [1],  microcrystals  of  pseudo  (3- 
cristobalite  (deformed  (3-cristobalite  so  as  to 
match  the  lattice  spacing  to  that  of  the  Si 
substrate,  as  illustrated  in  Fig.l.)  scattering 
in  Si02  layers  [2],  and  coesite  [3].  The  first- 
principles  calculations  employing  the  crystal 
phases  as  model  structures  of  the  Si02  [4,5], 
and  the  measurements  of  the  density  of  the 
Si02  region  near  the  interface  [6],  have  also 
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been  carried  out.  In  spite  of  a  great  number 
of  investigations,  however,  the  basic 
properties  of  the  interface  itself  are  not  well 
understood. 

We  investigated  the  stabilities  of  several 
model  structures  of  the  Si(100)/SiO2  interface 
by  employing  the  first-principles  molecular 


o 

Si 


Fig.  1  Pseudo  p-cristbalite  on  Si(100). 
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dynamics  method  [7],  The  density  of  Si02 
near  the  interface  and  the  X-ray  diffraction 
peaks  were  calculated  and  compared  with 
the  experiments.  Energy  band  gap  variations 
perpendicular  to  the  interface  were  clarified 
for  the  ideally  flat  Si(100)/SiO2  interface. 

2.  MODELS  AND  METHOD 

Based  on  the  experimental  data  which 
suggest  the  existence  of  crystal  phases  of 
Si02  at  the  interface,  quartz,  tridymite,  and 
pseudo  p-cristobalite  were  employed  as  the 
initial  models  of  the  Si02  structure  to  be 
optimized  to  find  the  stable  ones. 

The  stable  atomic  configurations  of  the 
Si(100)/SiO2  interface  and  their  electronic 
structures  were  investigated  using  the  first- 
principles  method  [7]  based  on  the  density 
functional  theory  [8].  We  used  a  norm- 
conserving  pseudopotential  for  silicon  atoms, 
and  ultrasoft  pseudopotentials  [9]  for  oxygen 
and  hydrogen  atoms,  respectively.  The 
generalized  gradient  correction  [10]  was 
taken  into  account  for  the  exchange- 
correlation  potential. 

The  unit  cells  containing  35  -  106  atoms 
are  employed  for  our  calculation.  The  Si 
substrate  consists  of  7  Si  layers.  We 
prepared  two  kinds  of  Si02  layers  about  15 
and  7  A  thick  for  each  Si02  structure.  The 
thicker  (about  15  A)  layer  consists  of  4.5,  4.5, 
and  5  Si02  molecular  layers  in  quartz, 
tridymite,  and  pseudo  p-cristobalite, 
respectively.  The  thinner  (about  7  A)  layer 
consists  of  2  Si02  molecular  layers  in  all  of 
the  types.  The  dangling  bonds  in  the  Si  and 
Si02  surfaces  are  terminated  with  H  atoms. 

3.  STABLE  STRUCTURES  OF  THE 
Si(100)/SiO2  INTERFACE 

We  optimized  the  interface  structures 
with  the  quartz,  tridymite,  and  pseudo  p- 
cristobalite  types  of  Si02  layers.  Here,  we  call 
the  optimized  structures  type-Q,  T,  and  C, 
respectively.  The  structures  with  the  thicker 
Si02  layers  are  illustrated  in  Fig.  2.  In  this 
section  we  discuss  only  the  thicker  layers. 


We  found  that  the  pseudo  p-cristobalite 
structure  illustrated  in  Fig.l  is  very  unstable 
because  the  bond  angles  around  Si  atoms  are 
largely  different  from  those  in  sp^ 
hybridization,  109.5°.  Thus,  a  drastic 
structural  change  involving  bond  breaking 
occurs  in  the  optimization  process.  The  final 
structure  (type-C)  shown  in  Fig.  2(a)  is 
completely  different  from  the  initial  one.  In 
spite  of  the  bond  breaking  in  the 
optimization  process,  there  remains  no 
dangling-bonds  in  the  type-C  structure. 

For  the  quartz  and  tridymite  types  of 
Si02,  no  bond  breaking  occurs  in  the 
optimization  process.  Thus,  the  Si02  region 


(a) 


(b) 


O  Si  •  O  •  H 

Fig.  2  Optimized  interface  structures, 

(a)  type-C,  (b)  type-Q,  and  (c)  type-T. 
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in  the  type-Q  and  T  structures  basically  have 
the  characteristics  of  the  quartz  and 
tridyinite  structures,  respectively.  The  whole 
structure  is,  however,  largely  distorted  in  the 
type-T  (Fig.  2(c))  because  of  the  large  lattice 
mismatch  between  tridymite  and  silicon.  The 
Si-0  bond  lengths  and  the  X-Si-Y  (X,  Y  =  O  or 
Si)  bond  angles  in  the  type-T  distribute  in  a 
wider  ranges  (1.58-1.68  A  and  95-125°, 
respectively)  than  in  the  type-Q  and  C.  There 
are  no  dangling  bonds  at  the  interface  also  in 
the  type-Q  and  T  structures.  The  atomic 
configurations  in  the  interface  are  veiy 
similar  in  the  type-C  and  Q. 

4.  DENSITY  OF  Si02  IN  INTERFACE 
REGION 

On  the  basis  of  their  X-ray  reflection 
measurement,  Awaji  et  al.  [6]  showed  that 
the  density  of  the  Si02  near  the  interface  is 
2.42  g/cm3,  which  is  91  %  of  that  of  a-quartz. 

The  densities  of  the  Si02  region  about  15 
A  thick  in  type-C  and  Q  are  93  %  and  90-91 
%  of  that  calculated  for  a-quartz.  They  agree 
well  with  the  experiment.  For  the  type-T,  we 
found  the  value  is  99  %,  which  is  rather 
larger  than  the  experimental  one. 

5.  X-RAY  DIFFRACTION 

Shimura  et  al.  [2]  reported  that  the  extra 
peak  at  (1  1  0.45)  observed  in  their  X-ray 
diffraction  experiment  can  be  explained  well 
by  assuming  the  pseudo  P-cristobalite  for  the 
Si02  structure.  Our  calculations,  however 
have  shown  the  structure  is  unstable.  We 
investigated  whether  the  type-C,  Q,  and  T 
explain  the  extra  peak  well.  We  found  that  a 
strong  reflection  peak  appears  at  (1  1  0.62)  in 
type-Q.  In  this  structure,  however,  another 
strong  reflection  also  appears  at  (1  0  1.24), 
which  has  not  been  observed.  We  couldn’t 
find  consistent  results  with  the  experiment 
also  for  type-C  and  T.  The  discrepancy  may 
be  caused  by  the  periodicity  of  our  model 
structure.  Further  discussion  is  needed  not 
only  on  the  model  for  the  calculation  but  also 
on  the  interpretation  of  the  experiment. 


6.  COMPARISON  OF  STABILITY  OF 
Si02  STRUCTURES 

To  clarify  the  origin  of  the  difference 
among  the  total  energies,  we  also  compared 
the  total  energies  between  systems  with  the 
thicker  and  thinner  Si02  layers  for  the  type- 
C,  Q,  and  T.  In  the  following  discussion,  we 
neglect  the  difference  of  the  configurations  of 
the  H  atoms,  because  the  contribution  to  the 
difference  among  the  total  energies  was 
estimated  to  be  small. 

Comparing  the  calculated  total  energies,  it 
is  found  that  type-T  structure  is  the  most 
stable  one  when  the  layer  is  thinner  (2  Si02 
molecular  layers).  The  difference  of  the  total 
energy  between  that  of  the  type-Q  is  -0.24  eV 
per  one  Si02  molecule  for  the  type-T,  and 
0.17  eV  for  the  type-C.  For  the  thicker  layer 
(5  Si02  molecular  layers),  however,  the  type-T 
becomes  less  stable  because  of  the 
compressive  stress  in  the  Si02,  and  the 
optimized  quartz-type  Si02  (type-Q)  becomes 
the  most  stable  one.  The  difference  of  the 
total  energy  between  that  of  the  type-Q  is 
0.12  eV  per  one  Si02  molecule  for  the  type-T, 
and  0.28  eV  for  the  type-C.  The  stabilities  of 
the  three  structures  for  the  thickness  of  the 
Si02  layer  are  compared  in  Fig.  3.  The 
change  of  the  stability  for  the  thickness  of  the 
Si02  layer  will  cause  a  structural  change  in 
the  whole  layer  or  in  the  region  away  from 
the  interface  during  the  oxide  growth. 


Number  of  Si02  layers 

Fig.  3  The  difference  of  the  total  energy 
between  Type-C,  T,  and  Q. 
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7.  VARIATION  OF  BAND  GAP 

Variation  of  the  band  gap  perpendicular 
to  the  interface  was  calculated  for  the  thicker 
layers  with  the  optimized  structures.  The 
result  for  the  type-Q  is  shown  in  Fig.  4.  In 
the  Si02  region  from  the  structural  interface 
to  a  point  about  1  A  away  from  it,  which 
contains  the  first  oxygen  layer,  the  band  gap 
remains  as  narrow  as  that  of  silicon.  The 
drastic  change  of  the  band  gap  takes  place  in 
the  Si02  region  between  about  1  and  4  A.  In 
type-C  and  T,  the  band  gap  changes  similarly 
to  that  of  the  type-Q.  But  the  barrier  heights 
slightly  depend  on  the  Si02  structures.  The 
difference  between  the  position  of  the 
structural  interface  and  that  defined  by  the 
change  of  the  band  gap  will  give  different 
pictures  on  the  interface  depending  on  the 
method  of  the  observation. 


A)  layer,  however,  this  structure  becomes  less 
stable,  and  the  optimized  quartz-type  Si02 
becomes  the  most  stable  one.  It  was  also 
found  that  the  pseudo  P-cristobalite  is 
unstable.  The  densities  of  the  Si02  region 
obtained  for  type-C  and  Q  agree  well  with  the 
experiment.  We  couldn’t  find  consistent 
results  with  the  extra  peak  at  (1  1  0.45) 
observed  in  the  X-ray  diffraction 
measurement.  Variation  of  the  band  gap 
perpendicular  to  the  interface  was  calculated. 
In  the  Si02  region  within  about  1  A  from  the 
structural  interface,  the  band  gap  remains  as 
narrow  as  that  of  silicon.  The  drastic  change 
of  the  band  gap  takes  place  in  the  Si02 
region  between  about  1  and  4  A. 

This  work  was  performed  under  the 
support  by  NEDO. 
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Fig.  4  Energy  band  gap  variation  in  the 

type-Q  structure  perpendicular  to  the 
interface.  The  origin  of  the  coordinate 
Z  is  taken  at  the  interface. 
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This  paper  provide  a  new  model  for  TDDB  lifetime  distribution  based  on  statistical 
considerations.  The  model  is  based  on  two  assumptions:  an  assumption  of  hole  capture  cross 
section  and  an  assumption  of  critical  defect  number.  In  this  model,  a  small  critical  defect  number 
yields  the  Weidull  distribution  and  a  large  one  changes  it  to  the  lognormal  distribution. 
Degradation  of  oxide  reliability  corresponds  to  decrease  of  a  critical  defect  number  and  so  called 
extrinsic  breakdown  is  induced  by  a  small  critical  defect  number. 


1. INTRODUCTION 

There  have  been  two  candidates  for  TDDB 
lifetime  distribution  of  Si02  :  a  Weibull 
distribution  and  a  lognormal  distribution.  In 
most  cases,  both  distributions  are  derived 
empirically  without  a  concrete  physical  model. 
In  this  paper,  a  new  model  is  provided  that 
can  explain  experimental  data  of  both 
distributions. 

There  is  another  question  about  a  power 
law  time  dependence  of  degradation  (trap 
density).  The  cause  of  exponent  factor  (1/2^ — 
3/4)  have  been  not  known  for  long  time.  Our 
model  will  also  statistically  explain  this  power 
law  time  dependence. 


2.  ASSUMPTIONS 

Our  model  is  based  on  the  following  two 
assumptions,  which  we  call  a  hole  capture 
cross  section  model  and  a  critical  defect 
number  model. 

(1)  A  hole  capture  cross  section  model:  In 
oxide,  there  are  k  number  of  potential  defect  d 
per  certain  unit  area  u,  which  is  related  to 


breakdown.  A  potential  defect  d  changes  to  an 
actual  defect  D,  which  induces  breakdown, 
after  capture  of  a  hole  with  capture  cross 
section  of  o . 

(2)  Critical  defect  number  model:  Breakdown 
occurs  when  the  number  of  actual  defects  in  a 
unit  area  u  becomes  a  critical  number  m 
which  is  characteristic  of  Si02  film,  the 
material  under  consideration. 

From  these  assumptions,  lifetime 
distribution  of  TDDB  is  derived  as  follows. 

1)  Probability  f  of  the  change  of  a  potential 
defect  d  to  an  actual  defect  D  after  n  holes 
pass  through  a  unit  area  u  is  described  by  the 
following  equation. 

f(n)=( a /u)  ( 1  -a /u)<n- J)  ( 1) 

This  equation  also  assumes  no  interaction/ 
interference  between  potential  defects,  that  is 
a/u«l. 

2)  Probability  P  of  the  generation  of  m  actual 
defects  after  n  holes  pass  through  a  unit  area 
u  is  described  by  the  following  equation. 
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P(n)=C(k,m)C(m,  l)F(n  -  l)<m-  Df(n)x 

(1-F(n))<km>  (2) 

twhere  C(n,q)  is  a  combination  number  of 
select  q  number  from  total  n  number,  F(n)  is  a 
cumulative  hole  capture  rate  of  a  potential 
defect,  that  is 

F(n)=  If(s). 

s=0 


3.  CHARACTERISTICS  OF  THE  MODEL 


lognormal  plot  Weibull  plot 


time  (a.u.)  time  (a.u.) 

Fig.  1.  TDDB  lifetime  distribution  calculated 
from  the  model  with  a  parameter  set  of  (m,k, 
alu)=  (1,20,0.002).  In  this  case,  lifetime  has  a 
Weibull  distribution. 


lognormal  plot  Weibull  plot 


time  (a.u.)  tim® 


Fig.  2.  TDDB  lifetime  distribution  calculated 
from  the  model  with  a  parameter  set  of  (m,k, 
<7/u)=  (19,20,0.002).  In  this  case,  lifetime  has 
a  lognormal  distribution. 

Figure  1  shows  calculated  results  of 
equations  with  m=l,  k=20.  o  /u=0.002.  In 
this  figure  a  Weibull  plot  shows  good  straight 
line  and  lognormal  plot  shows  arc-shaped 
curve,  which  means  lifetime  has  a  Weibull 
distribution.  Application  of  other  parameter 
sets  reveals  that  m  mainly  determines 


slope/shape  of  curves  and  k  and  o  /u  mainly 
induce  parallel  shift  of  curves  in  time 
direction. 

Figure  2  shows  results  of  another 
parameter  set  of  m=19,  k=20,  o  /u=0.002.  In 
this  case  a  lognormal  plot  shows  a  straighter 
line  than  a  Weibull  plot,  which  means  lifetime 
has  a  lognormal  distribution.  In  an 
experiment  with  a  small  number  capacitors, 
however,  it  may  be  difficult  to  distinguish 
which  distribution  fit  the  data  better. 


4.  COMPARISON  WITH 
EXPERIMENTAL  DATA 

Figure  3  shows  Weibull  plots  of  TDDB  data 
of  8.5nm  oxide  with  various  anneal  conditions 
from  a  paper  by  K.  Yoneda  [1].  We  could  fit 
these  4  curves  with  4  parameter  sets  of  (m,k, 
a/u)=  (1,30,0.002),  (5,30,0.002),  (20,30,0.002), 
(28,30,0.002)  for  annealing  time  of  90min, 
60min,  30min  and  Omin,  Which  means  longer 
annealing  time  reduces  critical  number  for 
oxide  breakdown  from  28  to  1. 


QfiD  (C/cm2) 


Fig.  3.  Comparison  of  our  model  (four  thick 
solid  lines)  with  TDDB  data  from  K.  Yoneda 
[1].  Weibull  plots  of  TDDB  data  are  well  fitted 
with  parameter  sets  of  (m.k.  o  /u)= 
(1.30,0.002),  (5,30,0.002),  (20.30,0.002), 

(28.30,0.002)  for  annealing  time  of  90min, 
60m in,  30min  and  Omin,  respectively. 

In  this  figure,  we  assumed  a  fixed  ratio 
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between  electron  flax  and  hole  flax. 

Figure  4  shows  lognormal  plots  of  other 
experimental  TDDB  data  of  22.5nm  oxide 
from  a  paper  by  J.  Prendergast  [2].  Here,  the 
life  time  distribution  consists  of  two  parts:  an 
extrinsic  part  and  an  intrinsic  part.  We  could 
fit  our  equations  to  each  part  of  9MV/cm 
curve  with  parameter  sets  of  (m,k,  a 
/u)=(l, 80, 0.002)  and  (7,80,0.002)  (figure  5). 
These  figures  reveal  that  the  extrinsic  part 
has  a  Weibull  distribution  with  a  small 
critical  number  of  defects  and  the  intrinsic 
part  has  a  rather  lognormal  distribution  with 
a  large  critical  number  of  defects.  From  this 
analysis,  in  this  case,  it  will  be  concluded  that 
extrinsic  breakdown  is  not  caused  by  extrinsic 
defects.  So  called  extrinsic  breakdown  is  also 
caused  by  intrinsic  mechanism  with  small 
critical  defect  number. 


Log  Time  (Hr*) 


Fig.  4.  TDDB  data  of  22.5nm  oxide  from  J. 
Prendergast  [2].  Numbers  in  the  figure  is 
applied  electric  field  in  MV/cm  unit. 

In  this  fitting,  we  assumed  constant  hole 
flux,  which  may  not  be  so  wrong  assumption 
in  the  simulated  time  region,  especially  in 
intrinsic  breakdown  region.  The  scale  of  one 
order  of  time  is  exactly  matched  to  that  of  the 
number  of  holes  passing  by. 

The  above  parameter  sets  suggest  that 
there  are  universal  hole  capture  cross  section 
and  unit  area  u  and  the  oxide  has  a  rather 
constant  number  of  potential  defects  per  unit 
thickness,  that  is  about  3.5/nm  which  is  near 
the  number  of  Si02  unit  (~4/nm).  The  main 
factor  determining  oxide  quality  and  TDDB 


lifetime  distribution  is  a  critical  number  of 
defects,  m.  Weibull  and  lognormal 
distribution  are  reduced  to  small  and  large  m, 
respectively. 

Candidates  for  potential  and  actual  defects 
may  be  Si-Si  bonds  and  E’  centers. 

5. DEGRADATION  POINT  OF  VIEW 

Until  now,  we  considered  the  oxide 
reliability  problem  from  a  breakdown  point  of 
view.  In  this  section,  it  is  discussed  from  a 
degradation  point  of  view,  which  is  evaluated 
by  increase  of  trap  density. 


Simulated  Tima  (a. u. ) 

1  10  100  1000 


Fig.  5.  Comparison  of  our  model  with 
separated  intrinsic  and  extrinsic  parts  of 
9MV/cm  curve.  We  could  fit.  our  equations  to 
each  part  with  parameter  sets  of  (m,k,  o 
/u)=(l, 80, 0.002)  and  (7,80,0.002).  Numbers  in 
the  figure  are  applied  electric  field  in  MV/cm 
unit. 

It  is  well  known  that  trap  density  is  not 
proportional  to  stress  time  and/or  charge 
fiuence.  Many  papers  report  power  law  with 
exponent  between  1/2  and  3/4.  For  example,  R. 
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Degraeve  derived  a  exponent  0.56  against 
hole  fluence  [3]. 

The  hole  capture  cross  section  model  can 
derive  this  power  law  dependence,  too. 
Average  number  r  of  real  defects  after  n  holes 
pass  through  a  unit  area  u  is  calculated  from 
n-1  step  by  the  following  equation. 

r(n)=r(n-  l)+(k-r(n- 1))(  o  /u)  (3) 

Calculated  results,  using  a  parameter  set  of 
figure  3  ((k,  a/u)=  (30,0.002)),  are  shown  in 
figure  6.  Three  curves  correspond  to  three 
initial  conditions  of  mo=0, 1  and  2,  where  mo 
is  numbers  of  initial  actual  defects.  These 
initial  conditions  of  mo=0, 1  and  2  will  provide 
experimental  data  with  exponent  about  1,0.75 
and  0.5  respectively,  because  detailed 
curvature  changes  are  usually  not 
distinguished  from  experimental  error. 
Except  the  case  of  mo=0,  our  model  can 
explain  reported  power  law  dependence. 

6.DISCUSSIONS 

Here  we  discuss  some  perspective  of  other 
characteristics  of  TDDB  phenomena,  from  the 
view  point  of  our  model. 

Firstly,  it  is  known  that  TDDB  lifetime 
becomes  short  with  increase  of  capacitor  area. 
This  may  be  due  to  increase  of  the  initial 
actual  defect  number  of  the  worst  unit  area. 
If  initial  actual  defects  are  scattered  at 
random  on  all  over  the  capacitor  area  with  a 
certain  area  density,  the  actual  defect 
number  of  the  worst  unit  area  increases  with 
increase  of  capacitor  area.  Which  correspond 
to  decrease  of  critical  defect  number,  that  is 
shorter  lifetime. 

Secondly,  TDDB  lifetime  becomes  short 
with  increase  of  temperature.  This  may  be 
due  to  increase  of  hole  capture  cross  section 
o ,  because  of  thermal  vibration  of  potential 
defects. 


7.  CONCLUSIONS 

1)  In  this  paper  a  new  model  for  TDDB 


lifetime  distribution,  which  is  based  on 
statistical  considerations,  is  proposed. 

2)  The  model  is  based  on  two  assumptions:  a 
hole  capture  cross  section  assumption  and  a 
critical  defect  number  assumption. 

3)  In  this  model,  a  small  critical  defect 
number  yields  the  Weidull  distribution  and  a 
large  one  changes  it  to  the  lognormal 
distribution. 

4)  Degradation  of  oxide  reliability  by  high 
temperature  annealing  corresponds  to 
decrease  of  a  critical  defect  number. 

5)  So  called  extrinsic  breakdown  is  also 
induced  by  a  intrinsic  mechanism  with  a 
small  critical  defect  number. 

6)  Reported  power  low  time  dependence  of 
trap  density,  that  is  actual  defect  number,  is 
also  derived  from  the  hole  capture  cross 
section  model. 


Fig. 6.  Time  dependence  of  actual  defect 
number,  with  parameter  set  of  figure  3  ((k,  o 
/u)=  (30,0.002)).  Three  curves  are  correspond 
to  initial  actual  defects  number  of  0,1  and2. 
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Dependence  of  Gate  Oxide  Integrity  on  Grown-In  Defect  Density 
in  Czochralski  Grown  Silicon 

U.  Lambert9,  A.  Huber9,  J.  Grabmeier9,  G.  Obermeier8,  J.  Vanliellemont8,  R.  Wahlich9  and  G.  Kissingerb 
9Wacker  Siltronic  AG,  P.O.  Box  1140,  D-84479  Burghausen,  Germany 

bInstitute  for  Semiconductor  Physics,  Walter-Korsing-Str.  2,  D-15230  Frankfurt  (Oder),  Germany 

The  dependence  of  the  gate  oxide  integrity  on  the  grown-in  defect  density  is  demonstrated  using  Czochralski 
grown  crystals  with  different  as  grown  defect  densities  and  by  varying  the  gate  oxide  thickness  in  the  range  of 
5-25nm.  The  Poisson  distribution  -ln(l-F)=pAAgate  (F:  ratio  of  failures,  pA:  area  defect  density,  Agate:  gate  area) 
is  modified  to  -ln(l-F)=0.45pBtoxAgate  to  be  able  to  involve  the  bulk  defect  density  pB  and  the  thickness  of  the 
gate  oxide  tox.  The  good  agreement  of  that  model  with  experimental  data  is  proved  comparing  the  density  of 
infrared  light  scattering  tomography  defects  and  flow  pattern  defects  with  the  gate  oxide  integrity  yield. 


1.  INTRODUCTION 

Defect  engineering  in  Czochralski  grown  silicon 
gains  more  and  more  in  importance  since  it  is  well 
known  that  grown-in  defects  cause  severe  problems 
for  device  yield  such  as  early  time  zero  dielectric 
breakdown,  decreased  reliability  for  time  dependent 
dielectric  breakdown,  increased  leakage  current  and 
decreased  refresh  times. 

Silicon  crystals  exhibit  in  general  a  zoned 
distribution  of  microdefects  [1]  with  three 
pronounced  regions  across  the  ciystal  radius.  An 
interstitial  rich  region  at  the  rim  of  the  crystal  is 
separated  by  a  latent  stacking  fault  ring  from  the 
central  region  characterized  by  an  excess  vacancy 
concentration  [2].  Generally,  for  industrial 
fabrication  of  CZ  silicon  crystals  the  radial  defect 
distribution  can  be  modified  by  the  v/G  ratio  (v: 
pulling  speed,  G.  thermal  gradient  at  solid/liquid 
interface  [3])  in  such  a  way  that  the  entire  wafer 
area  is  vacancy-rich.  During  cooling  down  of  the 
crystal  the  vacancies  agglomerate  in  grown-in 
microdefects  which  can  be  observed  directly  as  light 
scattering  tomography  defects  (LSTD),  crystal 
originated  particles  (COP)  after  SCI  and  flow 
pattern  defects  (FPD)  after  Secco  etching.  These 
microdefects  in  as  grown  silicon  degrade  the  gate 
oxide  integrity  (GOI)  on  a  large  scale  causing  early 
breakdown  of  capacitor  structures  [4], 

0167-9317/99/$  -  see  front  matter  ©  1999  Elsevier  Science 
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Recently,  it  has  been  observed  that  the  gate  oxide 
integrity  yield  increases  with  decreasing  gate  oxide 
thickness  [5].  In  particular,  below  lOnm  the  gate 
oxide  yield  grows  very  fast  up  to  approximately 
100%  for  a  charge  density  of  5xl0'4  C/cm2  (Fig.l) 
as  breakdown  criterion. 
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Figure  1.  Cumulative  breakdown  curves  as  func¬ 
tion  of  the  charge  density  to  breakdown 
Qbd  for  oxide  thickness’  of  5-25nm  on 
(001)  p-doped  200mm  wafers  (D  crystal, 
see  experimental;  gate  area:  8mm2). 

B.V.  All  rights  reserved. 
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The  combination  of  the  grown-in  defect  density 
and  the  GOI  yield  dependence  on  the  gate  oxide 
thickness  allows  a  description  of  the  influence  of 
the  defect  density  on  the  gate  oxide  integrity  yield. 

2.  EXPERIMENTAL 

5-25  nm  thin  oxides  were  grown  in  dry  oxygen 
ambient.  The  8mm2  gate  areas  consisted  of 
phosphorus  doped  poly-silicon.  The  gate  oxide 
integrity  was  evaluated  on  100  capacitors  per  wafer 
by  applying  a  gradually  stepped  current  density. 
The  total  charge  density  to  breakdown  Qbd  was 
determined  by  the  time  integral  of  the  injected 
current  density.  The  yield  was  calculated  at  a 
charge  density  of  5xlO"4C/cm2  (E-field=10  MV/cm) 
which  is  well  related  to  oxide  breakdowns  caused 
by  grown-in  crystal  defects.  Reference  wafers 
processed  simultaneously  with  the  samples 
exhibited  no  deviation  from  the  baseline  with  an 
constant  gate  oxide  integrity  yield  in  the  range  of 
99  to  100%. 

The  LSTD-density  (infrared  light  scattering 
tomography  defects)  was  measured  by  a  MILSA 
IRHQ-2  laser  tomograph  of  RATOC  using  a 
NdYAG  laser  with  a  wavelength  of  1.06  pm. 

Flow  pattern  defects  (FPD)  were  generated  by 
vertical  etching  of  wafers  in  a  non-agitated  Secco 
etchant  for  30min.  For  density  determination  only 
the  V-shaped  flow  patterns  with  an  etch  pit  at  the 
apex  were  counted  as  FPD. 

All  material  used  were  CZ  grown  150mm  and 
200mm  boron  doped  (1-10  Qcm),  vacancy  rich 
polished  wafers  with  (001)  orientation.  They  were 
produced  from  crystals  grown  in  different  hot  zones 
(A,B,C,D)  resulting  in  cooling  rates  of  A>B>C>D. 


3.  RESULTS  AND  DISCUSSION 

The  relation  between  the  yield  (1-F)  of  the  gate 
oxide  measurement  by  current  ramp  (Qbd)  or 
voltage  ramp  (Ebd)  and  the  area  defect  density  is 
approximately  given  by  the  Poisson  distribution 

-ln(l-F)  =  pA  Agate  0) 

where  F,  pA  and  Agate  are  the  ratio  of  failures,  the 


area  defect  density  and  the  gate  area,  respectively 

16,7]. 

However,  as  the  dependence  of  the  GOI  yield  on 
the  gate  oxide  thickness  is  obvious  and  assuming 
that  the  GOI  yield  is  directly  proportional  to  the 
number  of  bulk  defects  incorporated  in  the  oxide 
equation  (1)  can  be  modified  [8]  by  involving  the 
thickness  in 

-ln(l-F)  =  0.45pBtox  Agate  (2) 

with  0.45  as  ratio  of  the  contribution  of  the  silicon 
substrate  to  the  final  thermal  oxide  and  pB  and  toX 
as  the  bulk  defect  density  and  the  thickness  of  the 
gate  oxide,  respectively. 

Under  this  assumption  the  yield  of  the  gate 
oxide  integrity  can  directly  be  compared  with  bulk 
defect  densities  and  the  thickness  of  the  gate  oxide 
is  taken  into  account. 

Fig.  2  gives  a  graphical  representation  of  function 
(2)  for  tox  =  5,  7.5,  15  and  25nm.  Nearly  the  total 
range  between  0  and  90%  GOI  yield  is  covered  by 
bulk  defect  densities  between  106  and  3xl07/cm3. 


Bulk  Defect  Density  [106/cm3] 


Figure  2.  Calculated  yield  of  gate  oxide  integrity  as 
a  function  of  the  bulk  defect  density  and 
the  gate  oxide  thickness  (gate  area:  8mm2). 

Using  LST  defect  densities  and  GOI  data 
(tox=15nm)  from  a  series  of  150mm  crystals  grown 
with  different  cooling  conditions  the  same  tendency 
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is  observed  which  fits  better  after  gate  oxidation  due 
to  the  apparently  increased  defect  density  [9] 
compared  to  as  grown  material  (Fig. 3). 

From  Fig.  2  it  can  be  derived  that  for  a  given  bulk 
defect  density  the  GOI  yield  increases  with 
decreasing  thickness  of  the  gate  oxide,  assuming  a 
constant  bulk  defect  density. 


Figure  3.  Measured  gate  oxide  integrity  yield  range 
versus  LST  defect  density  for  different  hot 
zones  A,  B,  C,  D.  The  dashed  line  denotes 
the  calculated  GOI  yield  for  toX=  15nm. 
(150mm  CZ-crystals,  as  grown  and  after 
gate  oxidation,  tox=15nm;  gate  area:  8mm2). 

This  is  illustrated  more  clearly  in  Fig.  4  showing 
the  GOI  yield  as  a  function  of  the  gate  oxide 
thickness  for  a  200mm  D-type  crystal  (black 
squares). 

For  a  given  iso-defect  density  line  and  within  a 
gate  oxide  thickness  range  of  7.5-25nm  the  gate 
oxide  integrity  yield  agrees  fairly  well  with  the 
predictions  of  the  model  taking  into  account  a 
defect  density  variation  within  a  range  of 
±lxl06/cm3  and  a  scattering  of  the  GOI  yield 
within  ±5%.  The  white  square  represents  the  GOI 
yield  for  all  type  of  crystals  (A,B,C,D)  for  a  gate 
oxide  thickness  of  5nm. 

Flow  pattern  defects  are  related  with  clusters  of 
vacancies  (octahedral  voids)  because  they  only  occur 
in  the  vacancy-rich  center  region  of  a  crystal  and 


not  in  the  interstitial-rich  rim  region  [10,11].  A 
good  linear  correlation  with  the  LST  defect  density 
can  also  be  observed  [12]. 


Figure  4.  Gate  oxide  integrity  yield  versus  gate 

oxide  thickness  in  the  range  of  5-25nm. 

In  the  oxide  thickness  range  of  ^7.5nm 
the  experimental  results  fit  fairly  well 
with  the  model.  For  a  gate  oxide  thickness 
of  5nm  all  types  of  crystals  (A,B,C,D) 
show  a  high  GOI  yield  of  about  99%. 
(200mm  crystals;  gate  area:  8mm2). 

In  Fig.  5  the  measured  gate  oxide  integrity  yield 
for  200mm  crystals  with  different  cooling 
conditions  (high  yield=slowly  cooled)  is  presented 
as  function  of  the  flow  pattern  defect  density 
together  with  the  calculated  gate  oxide  integrity 
yield  using  equation  (2).  The  correlation  of  the 
observed  with  the  calculated  GOI  yields  represents 
a  good  agreement  between  experimental  data  and 
calculated  values. 


4.  SUMMARY  AND  CONCLUSIONS 

It  has  been  shown  that  for  thin  gate  oxides 
between  7.5  and  25nm  thickness,  the  relation 
between  gate  oxide  integrity  yield  and  grown-in 
bulk  defect  density  can  be  described  by  modifying 
the  Poisson  distribution  for  area  defects  involving 
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Flow  Pattern  Defect  Density  [106/cm3] 


Figure  5.  Observed  and  calculated  gate  oxide  integri¬ 
ty  yield  as  function  of  the  flow  pattern  de¬ 
fect  density  (gate  area:  8mm2,  tox=25nm). 

the  bulk  defect  density  and  the  thickness  of  the  gate 
oxide. 

The  good  correlation  between  the  gate  oxide 
integrity  yield  and  the  grown-in  defect  density  and 
the  thickness  of  the  gate  oxide,  respectively,  has 
been  demonstrated  using  light  scattering  tomogra¬ 
phy  and  flow  pattern  defects  from  a  series  of  CZ- 
crystals  grown  with  different  cooling  conditions. 

The  gate  oxide  integrity  yield  increases  with  de¬ 
creasing  grown-in  defect  density,  however,  it 
increases  also  with  decreasing  gate  oxide  thickness. 
At  a  thickness  of  approximately  5nm  the  influence 
of  the  substrate  defect  density  onto  GOI  becomes 
negligible. 

This  observation  may  have  several  causes: 

i)  It  is  suggested  that  for  thin  gate  oxides 
(<10nm)  the  impact  of  the  bulk  defect  density 
decreases  in  favor  of  the  silicon  surface  properties. 

ii)  The  oxide  thickness  of  5nm  is  comparable  to 
the  oxide  thickness  which  has  been  observed  on  the 
inner  surface  of  the  octahedral  voids  [13]  providing 
a  pre-oxidized  state.  No  significant  oxide  thinning 
in  void  corners  thus  occurs  during  gate  oxidation 
[14]. 

iii)  It  is  assumed  that  there  is  a  thin  silicon  layer 
at  the  surface  with  a  defect  density  below  5xl05/cm3 
taking  into  account  that  only  2.3nm  of  the  silicon  is 
consumed  for  an  oxide  thickness  of  5nm. 
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Annealing-induced  degradation  of  Si/SiOa  has  been  studied  in  noble  gas  ambients  (He,  Ne  Ar)  The  vacuum 
postoxidation  annealing  induced  interface  degradation  in  (llljSi/SiQ*,  previously  identified  as  intense  creation 
of  mterfacial  Si  dangling  bond  defects  (Pbs:  Sij-Si*)  from  -640  °C  on,  is  found  remarkably  impeded,  inversely 
proportional  to  the  gas  atomic  diameter:  He  fully  blocks  the  process  up  to  -800  °C,  Ne  suppresses  partially 
while  the  effect  of  Ar  is  marginal.  This  is  attendant  with  a  significant  reduction  of  oxide  degradation,  including 
suppression  of  the  degradation  of  the  insulating  properties  of  ultrathin  SiOj  layers  and  generation  of  hole 
trapping  centers.  The  data  support  the  degradation  model  based  on  interfacial  SiO(g)  release  showing  that  the 
degradation  mechanism  may  just  occur  as  the  result  of  the  existence  of  a  typical  interstice/channel  structure  in 
thermal  SiQ,  The  observed  process  represents  blocking  of  a  chemical  reaction  in  a  physical  way. 


1.  INTRODUCTION 

In  the  course  of  the  evolution  of  metal-oxide- 
semiconductor  device  technology,  the  investigation 
of  the  influence  of  postoxidation  annealing  (POA) 
has  attracted  much  attention.  Among  others,  it  was 
found  that  the  basic  Si/SiQ2  unit  integrity  is 
deteriorated  when  submitted  to  POA  in  vacuum  or 
inert  O-firee  ambient1.  In  the  initial  stage,  electrical 
degradation  manifests  itself  as  reduction  of 
breakdown  strength  of  S1O2  gate  insulators,  oxide 
charging,  interface  trap  generation,  and  reduced 
radiation  hardness1'7.  In  a  detailed  electrical  study5 
of  the  POA  influence  on  SiC>2  breakdown  strength, 
the  removal  of  interfacial  SiO(g)  was  advanced  as 
the  primary  degradation  step,  based  on  the  overall 
equilibrium  [SiO(g)  production]  reaction 

SiQ>+Sk=>2SiO(g).  (1) 

The  presence  of  O  in  the  anneal  ambient  was 
recognized  a  as  crucial  factor,  driving  the 
equilibrium  of  this  reaction.  By  its  nature,  the 
process  will  also  affect  the  interface  integrity. 

First  atomic  insight  came  from  recent 
systematic  electron  spin  resonance  (ESR)  analysis 
of  vacuum  POA,  the  information  being  twofold. 
First,  one  of  the  mechanisms  of  interface 
degradation  in  thermal  (1 1  l)Si/Si02  was  atomically 


identified8,  i.e.,  profound  creation  of  permanent 
interfacial  Pb  defects  (trivalent  interfacial  Si, 
denoted  as  Si3=Si*)  from  ~640  °C  onward  in 
monotonically  increasing  densities  Nc  up  to 
~1.3xl013  cm'2  at  1200  °C.  These  appear  in  addition 
to  the  density  N0=(4.9±0.4)xl012  cm'2  naturally 
present8,9  in  as-grown  Si/SiC^  in  the  range  300- 
1000  °C.  At  the  (lll)Si/SiQ>  interface,  Pb  is  the 
sole  point  defect  so  far  isolated  by  ESR,  known  to  be 
an  adverse  electrically-active  interface  trap10.  The 
degradation  mechanism,  thus  implying  permanent 
Si  bond  rupture,  was  also  interpreted  as  driven  by 
interfacial  SiO(g)  removal.  Second,  ESR  also  traced 
degradation  of  the  thermal  oxide  during  vacuum 
POA,  with  major  observation  profound  generation 
of  a  'new’  type  of  intrinsic  defect  ascribed  to  S 
centers  (tentatively  E’-like  defects  of  the  type 
OSi2=Si*  and/or  C^Si^Si*)  from  an  anneal 
temperature  T^-950  °C  onward.  Concomitantly,  for 
Tan>1000  °C,  weaker  amounts  of  other  more 
familiar  types  of  intrinsic  point  defects  (EX,  E’y  and 
E’s  centers)  are  observed  to  be  produced  also11,12. 
So,  POA  degradation  in  vacuum  is  found  to 
constitute  abundant  generation  of  atomic, 
predominantly  intrinsic  defects.  However,  rather 
than  vacuum,  it  may  appear  more  interesting  to 
investigate  the  influence,  if  any,  of  other  ambients 
on  the  defect  creation  mechanism(s).  This  is  the 
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subject  of  the  present  work,  where  the  influence  of 
noble  gases  (He,  Ne,  Ar)  on  interface  and  oxide 
degradation  is  probed  both  by  ESR  and  electrically. 
Though  rather  sporadically,  POA  in  noble  gases  has 
been  studied  electrically  before,  with  however  often 
inconclusive  results1. 

2.  EXPERIMENTAL 

Various  thermal  Si/SiC^  structures  were 
studied:  a)  structures  grown  through  standard 
oxidation  in  a  laboratory  facility  at  -970  °C  (1.1 
atm  dry  99.9995%  O2;  oxide  thickness  45-65  nm)  of 
commercial  (100)  and  (lll)Si  wafers  (float  zone; 
>100  Qcm;  p-type).  In  agreement  with  previous 
work8,9,  a  first  control  ESR  test  yielded  [Pb]  ~ 
4.9xl012  cm'2  «N0  -an  important  reference  value  as 
the  study  intends  to  probe  the  Pb  creation  during 
subsequent  POA;  b)  ultrathin  (4-6  nm)  oxide 
(100)Si/SiO2  entities  (800  °C;  dry  N2+O2)  grown  in 
a  technological  clean  room  facility;  c) 
(100)Si/SiO2/poly-Si  fabricated  through  oxidation  of 
p-(100)Si  (dry  O2;  900  °C)  and  subsequent 
deposition  of  a  310-nm  thick  poly- Si  layer  by 
chemical  vapor  deposition.  Sets  of  samples  were 
submitted  to  POA  at  =  500-1160  °C  in  He,  Ne, 
Ar,  and  N2.  All  gases  were  boiled  off  from  the 
liquid  phase  to  minimize  water  contamination. 

Conventional  CW  absorption-derivative 
mode  ESR  (-20.6  GHz)  was  performed  at  4.3  K,  as 
outlined  elsewhere8  9,  with  the  applied  magnetic 


FIG.  1.  Isochronal  generation  of  ESR-active  Pb 
defects  in  thermal  (lll)Si/Si02  upon  POA  in 
vacuum  (•)  and  1-atm  He(o),  Ne(D),  and  Ar(A). 
Each  data  point  is  obtained  on  a  freshly  oxidized 
Si/Si02  structure.  The  vacuum  data  are  from  Ref.  8. 
Curves  guide  the  eye. 


field  normal  (within  3°)  to  the  (11  l)Si/Si02 
interface  to  assure  optimum  sensitivity.  Each  ESR 
sample  was  started  from  freshly  oxidized  (-10) 
slices.  Electrical  characterization  was  carried  out  at 
room  temperature  using  current-voltage  and  1  MHz 
capacitance- voltage  (CV)  techniques.  To  study  hole 
trapping,  electron-hole  pairs  were  generated  in  the 
oxide  by  10-eV  photons. 

3.  RESULTS 

We  first  address  interface  degradation, 
studied  previously13.  Figure  1  shows  the  observed 
areal  Pb  density  as  a  function  of  the  temperature  Tan 
of  isochronal  (-1  h)  POA  in  He,  Ne,  and  Ar.  For 
comparison,  coplotted  are  the  data  of  the  'fresh 
oxide'  sample  set  from  previous  work8  exposing  the 
POA  creation  mechanism  in  vacuum;  similar  results 
are  found  for  N2.  A  remarkable  finding  is  that  the 
interface  degradation  is  suppressed  by  noble  gases, 
and  moreover,  the  effect  depends  on  the  type  of  gas: 
The  impact  decreases  from  He  over  Ne  to  Ar,  with 
the  effect  of  Ar  only  being  marginal.  The  impact  of 
He  is  most  remarkable  as,  apparently,  it  succeeds  in 
suppressing  interface  degradation  in  terms  of  Pb 
creation  up  to  -800  °C  for  POA  times  up  to  1  h. 
Above  this  T^,  degradation  occurs,  albeit  much 
reduced  as  compared  to  the  vacuum  or  Ar  POA 
case.  At  -1100  °C,  about  Nc-3.5xl012  cm'2  Pbs  are 
created  in  He,  which  is  to  be  compared  with 


Fig.  2:  Trapped  hole  density  determined  from  the 
flatband  voltage  shift  (AVfb)  after  injection  of 
5xl014  holes/cm2  into  60-nm  thick  oxides  thermally 
grown  on  (lll)Si  (triangles)  and  (100)Si  (squares) 
and  annealed  for  1  h  in  various  ambients.  Lines 
guide  the  eye;  q  is  the  elementary  charge. 
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~llxl012  cm'2  created  in  vacuum.  The  blocking 
power  of  He  gradually  decreases  for  increasing 
above  800  °C. 

The  interface  degradation  was  studied 
isothermally  at  Tan~795  °C,  i.e.,  at  the  upper  T^ 
limit  of  the  He  blocking  range.  As  a  major  result, 
degradation  occurs  fast:  Common  for  all  ambients  is 
that  Pb  creation  'jumps’  to  saturation  -when 
occurring-  within  minutes  to  remain  unchanged  for 
prolonged  treatment  up  to  hours.  In  He,  the 
blocking  still  holds  after  12.5  h  -quite  an  impact. 
Second,  and  perhaps  equally  revealing,  the 
saturation  level  Nc+N0  increases  with  the  noble  gas 
atomic  diameter  cr,  the  data  bearing  out  a  close 
Nc(saturation)oc  a  relationship. 

Electrical  analysis  reveals  that  the  blockage 
of  the  interface  degradation  is  also  attendant  with  a 
prominent  effect  on  oxide  degradation.  This  is 
concluded  from  monitoring  two  of  the  most 
pertinent  POA-induced  Si/Si02  degradation  effects, 
i.e.,  generation  of  hole  traps  in  the  SiC>2  layer, 
responsible  for  enhanced  radiation  sensitivity,  and 
induced  low-field  leakage  current.  Figure  2  shows 
the  impact  of  the  anneal  ambient  during  1  h  POA  at 
1000,  1100,  and  1160  °C  on  the  positive  charge 
generation  in  SiC>2,  as  sensed  by  the  flatband 
voltage  shift  AVfb  on  the  1  MHz  CV  curve  after 
injection  of  5xl014  holes  cm'2  in  the  oxide.  As 
known  before14,  POA  in  Ar  or  vacuum  may  result  in 
a  multiple  increase  of  hole  traps  as  compared  to  the 


(310nm)  structures  annealed  for  1  h  at  900  °C  in 
various  ambients  (pressure  1.1  atm).  The  lines 
guide  the  eye. 


unannealed  state.  We  see  that  the  degradation  is 
weakened  by  Ne,  while,  again.  He  drastically 
suppresses  it.  A  beneficial  effect  of  He  remains  even 
after  POA  at  1160  °C,  at  which  temperature  all 
other  ambients  lead  to  comparable  oxide  damage. 

The  low-field  leakage  current  (I)  behavior  in 
ultrathin  oxides  after  POA  (1000  °C;  1  h)  was 
histogrammed  for  5.8  and  4.1  nm  oxides.  The  data 
were  obtained  using  test  voltages  of  +2  V  and  +1.5 
V  on  50  MOS  capacitors  of  0.4  mm2  area,  defined 
on  n-Si(100)/SiO2  by  Au  evaporation  onto  the 
oxide.  While  most  of  the  unannealed  samples 
exhibit  negligible  leaks,  POA  in  vacuum,  N2,  Ar,  or 
Ne  all  result  in  severe  oxide  injury:  No  undamaged 
capacitor  (I<10'10  A)  is  left.  The  effect  of  He,  by 
contrast,  is  striking  as  undamaged  capacitors 
remain  after  POA  in  He  at  a  temperature  as  high  as 
1100  °C. 

A  next  study  addresses  the  impact  of  various 
ambient  gases  (1.1  atm)  during  POA  on  the  hole 
trapping  in  ( 1 00)Si/SiC>2(25  nm)/poly-Si(310  nm) 
structures.  Figure  3  shows  the  results  for  1  h  POA  at 
900  °C  in  terms  of  hole  trap  generation  as  reflected 
by  the  shift  AVfb  after  injection  of  5xl014 
holes/cm2.  Importantly,  it  is  seen  that  the  benign 
effect  of  the  He  ambient  on  the  hole  trapping 
properties  is  also  observed  in  poly-Si  covered 
structures,  of  much  relevance  to  device  processing. 

4.  INTERPRETATION 

Modeling  may  be  guided  by  the  extreme 
inertness  of  noble  gases  which  would  indicate  their 
impact  to  be  physical  rather  than  chemical.  A 
plausible  picture  may  be  attained  based  on  only  two 
pillars:  First,  we  admit  that  the  degradation  initiates 
at  the  Si/Si02  interface  through  SiO  formation  and 
that  its  removal  controls  the  overall  degradation 
process.  There  is  little  doubt  that  this  chemical 
interface  etching  reaction  does  actually  occur  at  the 
Si/SiC>2  interface,  even  for  a  thick  oxide  coating7,15. 
The  mechanism  has  been  successfully  invoked  in 
the  explanation  of  various  physical  facts,  such  as 
thermal  oxide  degradation5  and  vacancy 
supersaturation16  in  the  Si  underneath  SiQ2  during 
POA  in  Ar.  The  essence  of  the  impact  of  intruded 
noble  gas  atoms  is  to  be  situated  here,  where,  within 
a  configurational  picture,  it  might  effectuate 
through  a  concerted  action  of  various  mechanisms: 
The  latter  may  include  suppression  of  interfacial 
bond  breaking  through  modification  of  the  thermal 
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excitation  spectrum,  bond  strengthening  in 
interfacial  layers  through  their  steric  presence, 
affecting  the  attempt  frequency  for  diffusive  site 
occupation  by  SiO,  and  impact  on  transport  channel 
dynamics. 

Second,  there  is  the  fact  that  vitreous  silica, 
the  phase  closest  to  thermal  oxide,  exhibits  a 
distribution  of  gas  accessible  sites17  modeled  by  a 
log-normal  distribution  of  mean  (average  interstice 
size)  of  1.96  A.  The  estimated  density  is  ~2.2xl022 
cm'3  based  on  calculations  for  cristobalite,  a 
crystalline  polymorph  of  Si02.  The  accessible 
fraction,  however,  depends  on  the  size  of  the 
penetrating  atom  or  molecule,  respectively 
estimated17,18  for  He,  Ne,  and  Ar  as  10.5,  5.9,  and 
0.5%  of  the  total  site  density. 

A  tentative  scheme  then  is  that  upon 
admittance,  gas  atoms  rapidly  flood  the  SiC^  film 
(at  600  °C,  He  permeates  a  5 00- A  thick  SiC>2  film  in 
-1  ps).  From  then  on,  the  SiO  removal  and  its 
adverse  action  is  countered  by  the  dissolved  gas 
atoms  with  an  efficiency  inversely  proportional  to  a. 
Previously,  it  was  concluded19  that  the  degradation 
of  the  oxide  at  elevated  T^’s  results  from  aggressive 
interaction  with  penetrating  SiO.  So,  the  presently 
observed  blockage  effect  would  indicate  He  (and, 
less  efficiently,  Ne)  to  counter  the  very  source  of 
degradation,  i.e.,  interfacial  SiO  removal.  As 
increases  above  800  °C,  the  He  blocking  power 
gradually  weakens,  possibly  as  a  result  of  the 
formation  of  percolation  paths  for  SiO.  It  is 
conceivable  that  the  blocking  efficiency  will 
decrease  the  smaller  ag^sio;  for  inert  no 

effect  is  expected  for  c^>crsio.  This  is  confirmed  by 
the  Ar  case,  where,  with  <^=3.44  A,  that  is, 
comparable  to  crsj0~3.7-4.3  A,  the  impact  on 
degradation  is  only  marginal,  indeed  (cf.  Fig.  1). 

5.  CONCLUSIVE  REMARKS 

The  POA-induced  degradation  of  the  thermal 
Si/Si02  entity  is  found  to  be  beneficially  affected  by 
noble  gases  in  efficiencies  decreasing  with 
increasing  gas  atomic  number.  As  prime  POA 
ambient.  He  is  found  to  suppress  interface 
degradation  in  terms  of  Pb  creation  up  to  -800  °C 
for  POA  times  up  to  12  h.  As  to  the  oxide,  He 
significantly  reduces  creation  of  intrinsic  defects 
responsible  for  hole  trapping  and  impairment  of 
insulating  properties.  He  also  affects  beneficially 
(100)Si/SiO2/poly-Si  structures,  promising  benefits 


for  the  preservation  of  the  oxide  integrity 
throughout  device  processing.  The  combined 
beneficial  effect  of  He  on  both  interface  and  oxide 
degradation  support  the  model  where  He  efficiently 
suppresses  interfacial  SiO  removal.  Though  the 
inertness  of  He  would  refer  to  a  physical 
mechanism,  detailed  insight  is  still  lacking.  Likely, 
it  concerns  a  configurational  picture  in  which  noble 
gases,  in  proportion  to  their  occupation  of  accessible 
sites,  affect  the  physical  properties  of  the  Si02 
network. 
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Plasma  charging  and  electrical  stresses  create  new  interface  state  precursors,  which  accelerate  the  device 
degradation  during  the  subsequent  stress.  This  paper  investigates  the  mechanism  responsible  for  the  precursor 
generation.  The  attention  is  focused  on  the  roles  played  by  the  hydrogen  species  and  the  holes  trapped  in  the 
oxide.  The  properties  of  the  generated  precursor  are  studied  and  compared  with  those  of  precursors  originally 
existed  in  the  device. 


1.  INTRODUCTION 

It  is  well  known  that  hydrogen  plays  an  important 
role  in  the  instability  of  MOS  devices  [1-6].  The 
interface  state  precursor  is  generally  believed  to  be  a 
hydrogen-related  bond  (e.g.  =Si-H).  At  relatively 
low  temperature  (e.g.  <200°C),  this  Si-H  bond  can 
be  broken  by  hydrogen  atoms,  leading  to  the 
generation  of  interface  states  [1-3].  It  has  been 
proposed  that  this  is  the  mechanism  responsible  for 
interface  state  creation  under  electrical  stress  [5]  and 
irradiation  [6].  As  the  temperature  increases  further 
(e.g.  >350°C),  however,  hydrogen  will  anneal  the 
interface  state  by  restoring  die  bond  [1].  The  number 
of  interface  states  at  the  thermal  equilibrium  is 
determined  by  the  balance  between  the  reactions  for 
breaking  and  restoring  the  hydrogen  bond.  An 
implicit  assumption  in  this  model  is  that  the  total 
number  of  the  defect,  which  is  the  sum  of  interface 
states  and  their  precursors,  remains  a  constant. 

While  there  is  no  clear  evidence  against  the  above 
assumption  when  tests  were  carried  out  at  room 
temperature,  the  generation  of  new  interface  state 
precursors  has  been  reported  when  a  stressed  device 
was  exposed  to  higher  temperature  (e.g.,  400°C)  [7- 
9].  Although  a  device  rarely  experiences  die 
temperature  at  this  level  after  fabrication,  it  is 
commonly  used  during  the  fabrication.  For  a  modem 
CMOS  process,  MOSFETs  are  stressed  by  plasma 
charging  and  then  annealed  at  high  temperature  to 
remove  the  damage.  When  the  MOSFETs  were 
electrically  stressed  during  the  operation  after  the 
device  fabrication,  these  generated  precursors  can 
enhance  the  degradation  significantly.  It  is  therefore 


important  to  understand  this  generation  process,  in 
order  to  control  the  plasma  processing  induced 
damage.  The  objective  of  this  paper  is  to  investigate 
the  roles  played  by  hydrogen  in  the  precursor 
generation. 

2.  DEVICES  AND  EXPERIMENTAL 

The  substrate  hot  hole  injection  (SHI)  technique 
was  used  to  stress  the  pMOSFETs  fabricated  by  a 
0.35pm  CMOS  process.  The  oxide  was  grown  at 
900°C  to  a  thickness  of  7.1nm.  After  a  pre-set  time, 
the  injection  was  interrupted  and  the  device  was 
exposed  to  an  elevated  temperature  with  all 
terminals  floating,  either  in  N2  or  forming  gas  (FG, 
10%H2).  The  SHI  was  then  resumed.  The  interface 
state  density  (Nit)  and  oxide  charge  density  (ANot) 
were  monitored  during  the  experiment  by  the  charge 
pumping  and  subthreshold  I-V  measurements, 
respectively. 

3.  RESULTS 

3.1  Roles  played  by  hydrogen 

Fig.  1  shows  a  typical  result.  Two  fresh 
pMOSFETs  were  used  here.  After  a  hole  injection  of 
5,000sec  (the  1st  SHI),  the  two  devices  were  exposed 
to  400°C  in  N2  and  FG,  respectively.  The  hole 
injection  was  then  resumed  (the  2nd  SHI).  It  can  be 
seen  that  the  number  of  interface  states  generated 
during  the  2nd  SHI  is  much  larger  than  that  during 
the  lsTSHI.  This  indicates  that  new  precursors  were 
created.  To  facilitate  the  description,  the  precursor 
responsible  for  the  interface  state  generated  during 
the  1st  SHI  will  be  referred  to  as  the  "original 
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precursor"  and  the  defect  responsible  for  the 
enhanced  generation  during  the  2nd  SHI  will  be 
called  as  "generated  precursor",  hereafter. 


Fig.l  Effects  of  ambient  gases  on  the  precursor 
generation.  Both  the  1st  and  the  2nd  SHI  were  carried 
out  at  Eox=-5MV/cm,  Vwell=8.8V  and  Vsub=10V. 


Fig.  1  also  shows  that  the  external  supply  of  H2  at 
400°C  enhances  the  precursor  generation.  It  is  not 
clear,  however,  if  the  generation  in  N2  is  also  related 
to  hydrogen.  Although  hydrogen  was  not  externally 
supplied  during  the  N2  exposure,  it  can  be  pre-stored 
in  the  device  and  released  at  400°C,  leading  to  the 
precursor  generation. 


Fig. 2  Solid  line:  the  device  was  annealed  in  N2  at 
450°C  for  17hours  before  the  1st  SHI  to  drive  out  the 
hydrogen.  Dashed  line:  without  this  anneal. 


In  Fig.2,  it  is  attempted  to  drive  the  pre-stored 
hydrogen  out  of  the  device  by  a  long  anneal  in  N2 
(450°C,  17hours)  before  the  1st  SHI.  The  result 
unambiguously  shows  that  this  long  pre-stress  N2 
annealing  effectively  suppressed  the  precursor 
generation.  We  conclude  that  the  presence  of 


hydrogen  is  a  necessary  condition  for  the  precursor 
generation. 

3.2  Roles  played  by  the  trapped  holes 

Although  hydrogen  is  needed  for  precursor 
generation,  it  is  not  clear  whether  the  presence  of  H2 
is  a  sufficient  condition.  To  answer  this  question, 
one  nMOSFET  was  stressed  by  the  substrate  hot 
electrons  injection  (SHE)  and  then  exposed  to  FG  at 
400°C.  Fig. 3  shows  that  the  interface  state 
generation  during  the  2nd  SHE  is  essentially  the  same 
as  that  during  the  1st  SHE.  There  is  little  precursor 
generation  after  electron  injection,  even  if  H2  was 
made  available  at  400°C.  Thus,  exposing  a  stressed 
device  to  H2  does  not  guarantee  the  creation  of 
precursors.  The  stress  condition  also  plays  a  key 
role.  The  results  shown  in  Figs.l&3  indicate  that  the 
cause  for  precursor  generation  is  the  hole  injection. 


Fig.3  Effects  of  the  substrate  hot  electron  injection 
(SHE).  Eox=3.5MV/cm  during  the  SHE. 


To  find  why  precursors  can  be  created  after  hot 
hole  injection,  the  detrapping  of  trapped  holes  is 
studied.  In  Fig.4a,  the  hydrogen  was  first  driven  out 
of  the  device  before  the  1st  SHI.  After  the  1st  SHI, 
die  device  was  exposed  to  N2  at  400°C  and  the 
detrapping  was  considerable  through  tunnelling.  The 
rapid  decline  of  detrapping  rate  is  caused  by  the 
increase  of  tunnelling  distance  between  traps  and  the 
substrate.  If  the  2nd  SHI  were  started  at  the  end  of 
this  N2  exposure,  the  solid  line  in  Fig.2  showed  that 
the  generation  of  precursors  were  negligible. 
Detrapping  of  trapped  holes  does  not  necessarily 
lead  to  precursor  generation,  therefore. 

If  we  switch  the  gas  from  N2  to  FG,  Fig.4a  shows 
that  the  detrapping  rate  is  significantly  enhanced  and 
die  detrapping  can  approach  100%  now.  The 
presence  of  H2  introduces  an  additional  detrapping 
mechanism,  therefore.  It  has  been  proposed  that  the 
trapped  holes  can  be  detrapped  by  cracking  the  H2 
and  one  product  of  this  reaction  is  a  hydrogen  ion 
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(H+)  or  a  hydrogen  atom  (H°)  [2].  Fig.4b  shows  that 
the  precursor  generation  is  significant,  after  the  gas 
switching.  It  can  be  concluded  that  the  H2  induced 
detrapping  leads  to  the  creation  of  precursors,  while 
the  tunnelling  induced  detrapping  does  not.  We 
believe  that  H2  cracking  by  trapped  holes  also  occurs 
here  and  the  resultant  H7H°  causes  the  precursor 
generation.  Thus,  the  role  played  by  the  trapped 
holes  is  supplying  the  H+/H°  by  cracking  H2. 


Fig.4  Behaviour  of  trapped  holes  (a)  and  interface 
states  (b),  when  the  gas  was  switched  from  N2  to  FG. 
Before  the  1st  SHI,  the  hydrogen  pre-stored  in  this 
device  was  driven  out. 

3.3  Properties  of  generated  precursors 

As  mentioned  earlier,  the  hydrogen  required  for 
precursor  generation  can  be  removed  from  the 
device  by  annealing  in  N2  at  450°C  for  17  hours. 
These  hydrogen  species  are  unstable  at  450°C, 
therefore.  However,  the  hydrogen  bond  responsible 
for  the  original  precursor  changes  little  during  this 
anneal.  This  indicates  that  hydrogen  can  be  stored 
within  the  device  in  different  ways.  Since  the 


presence  of  hydrogen  is  essential  for  creating 
precursor,  it  is  reasonable  to  assume  that  the 
generated  precursor  also  contains  a  hydrogen-related 
bond.  It  is  interesting  to  investigate  whether  this 
bond  can  survive  the  above  anneal. 


Fig. 5  Precursors  were  created  by  exposing  the 
device  to  FG  after  the  1st  SHI.  The  device  was  then 
annealed  at  450°C  for  17hours  in  N2  before  the  2nd 
SHI,  which  was  not  shown  in  this  figure. 

In  Fig. 5,  precursors  were  generated  by  exposing  a 
device  to  the  FG  at  400°C  after  the  1st  SHI.  The 
device  was  then  subjected  to  the  17hour  N2  anneal  at 
450°C.  The  interface  states  generated  during  the 
subsequent  2nd  SHI  is  not  reduced,  when  compared 
with  the  2nd  SHI  in  Fig.l  which  did  not  experience 
the  17hour  anneal.  Once  a  precursor  is  generated,  it 
is  thermally  stable  at  least  up  to  450°C,  therefore. 

In  a  previous  investigation  [4],  precursor 
generation  was  observed  when  a  sample  was 
exposed  to  H2  at  a  temperature  over  550°C  without 
electrical  stress.  It  was  reported  that  the  original  and 
the  generated  precursor  have  the  same  properties. 
Here  we  observed  that  both  the  original  and  the 
generated  precursors  involve  hydrogen  bonds  and 
both  are  thermally  stable  at  450°C.  However, 
whether  these  two  are  the  same  should  be 
investigated  further. 

In  Fig.2,  some  of  the  original  precursors  were 
converted  into  interface  states  during  the  1st  SHI.  In 
the  subsequent  thermal  exposure,  their  annealing 
rate  is  drastically  reduced,  if  the  hydrogen  was 
driven  out  of  the  device.  This  indicates  that  the 
restoration  of  original  precursors  can  only  take  place 
when  hydrogen  is  available.  The  defect  responsible 
for  the  original  precursor  can  only  exist  in  two 
forms:  either  as  a  precursor  with  hydrogen  or  as  an 
interface  state  without  hydrogen. 

To  find  if  the  above  applies  to  the  generated 
precursor,  the  SHI/N2  exposure  (400°C)  sequence 
was  cycled  several  times  after  the  2nd  SHI.  Fig.5 
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shows  that,  as  the  cycle  number  increases,  the 
interface  state  generated  during  the  SHI  decreases 
and  approaches  the  level  reached  during  the  1st  SHI. 
This  means  that  the  number  of  generated  precursors 
is  reducing.  The  hydrogen  pre-stored  in  the  device 
has  been  driven  out  here,  during  the  17hour  N2 
exposure  at  450°C  immediately  before  the  2nd  SHI. 
Thus,  the  removal  of  generated  precursors  is 
achieved  without  supplying  hydrogen.  The  defect 
responsible  for  the  generated  precursor  can  be 
transformed  from  an  interface  state  into  a  “non¬ 
precursor”,  which  can  not  be  converted  back  into  an 
interface  state  during  the  following  SHI.  This, 
however,  does  not  mean  that  the  defect  has  been 
eliminated  from  the  device.  Once  hydrogen  is 
supplied,  the  non-precursor  can  be  converted  into  a 
generated  precursor  again  (see  the  9th  SHI  in  Fig.5). 
Unlike  the  defect  responsible  for  the  original 
precursor,  the  defect  responsible  for  the  generated 
precursor  can  exist  at  least  in  three  forms:  a 
precursor  with  hydrogen,  an  interface  state  and  a 
non-precursor  without  hydrogen. 

4.  DISCUSSIONS 

On  the  structure  of  generated  precursors,  the 
following  model  has  been  proposed  [7]: 

a.  The  stress  breaks  the  strained  =Si-0-Si=  bond 
into  =Si-0  and  •Si=; 

b.  The  =Si-0»  migrates  to  the  interface  at  the 
elevated  temperature  and  reacts  with  hydrogen 
to  form  =Si-OH,  which  is  the  generated 
precursor; 

c.  During  the  subsequent  stress,  the  hydrogen 
bond  is  broken  and  the  precursor  =Si-OH  is 
converted  into  an  interface  state,  =Si-0«. 

Although  this  model  correctly  predicts  that  the 
generated  precursor  contains  a  hydrogen  bond,  it 
does  not  agree  with  the  present  result  on  the 
following  aspects: 

a.  According  to  this  model,  the  =Si-0*  has  to 
react  with  hydrogen  at  the  interface  to  form  a 
precursor.  In  the  case  that  there  is  a  lack  of 
hydrogen  species,  one  would  expect  a 
significant  increase  of  interface  states  during 
the  400°C  exposure,  because  of  the  pile-up  of 
sSi-O*  at  the  interface.  This  is  against  the 
solid  lines  in  Fig.2. 

b.  This  model  does  not  predict  that  the  defect 
can  exist  in  a  non-precursor  form. 

c.  The  H2  cracking  by  trapped  holes  is  not 
included  in  this  model. 

At  this  stage,  we  do  not  have  enough  information 
to  predict  the  microstructure  of  the  defect.  However, 
the  reported  data  have  improved  our  understanding 
of  the  generation  process,  as  is  shown  here: 


Stress  High  Temp. 

Defects  — ►  Non-precursors - ►Precursors 

in  hydrogen 


Stress 

- ► 


High  Temp. 

- - — ►  Precursors 

in  hydrogen 

Interface  — 

States  High  Temp. 

_ ^.Non-precursors 

without  hydrogen 


Since  a  non-precursor  is  electrically  inactive,  it  is 
unlikely  that  it  is  a  broken  bond  at  the  interface. 
Since  it  can  be  formed  by  annealing  an  interface 
state  without  hydrogen  supply,  it  is  unlikely  that  the 
non-precursor  involves  a  hydrogen  bond.  These 
suggest  that  stress  changes  the  properties  of  an 
interfacial  defect  without  creating  a  broken  bond. 
This  defect  does  not  have  a  hydrogen  bond  initially, 
but  it  can  react  with  atomic  hydrogen  to  form  a 
precursor.  It  is  likely  that  the  defect  involves  some 
form  of  strained  Si-0  bonds. 


5.  CONCLUSIONS 

Hydrogen  is  an  essential  reactant  for  the  interface 
state  precursor  generation.  The  defect  responsible 
for  the  precursor  generation  does  not  react  with  H2 
directly  and  the  H2  has  to  be  cracked  by  the  trapped 
hole  into  H7H°  first.  Unlike  the  original  precursors, 
die  generated  precursor  can  be  converted  into  a  non¬ 
precursor  form.  This  indicates  that  the  generated 
precursor  has  a  microstructure  different  from  that  of 
original  precursors. 
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Three  effects  have  been  observed  in  wet-thermally  grown  Si02/Si  structures  under  bombardement  with  energetic 
15N  ions: 

(1)  Out-diffusion  of  H  from  the  Si02/Si  system  through  the  surface, 

(2)  Accumulation  of  H  at  the  Si02/Si  interface, 

(3)  Changes  in  the  optical  fingerprint  spectra  of  T  and  A  in  dependence  on  X  (wavelength)  obtained  by 
ellipsometric  measurements. 


1.  INTRODUCTION 

Hydrogen  dynamics  in  wet-thermally  grown 
Si02/Si  layers  are  of  interest  for  modern  electronic 
devices.  Nuclear  Reaction  Analysis  (NRA)  using 
the  ^(^N^y)1^  nuclear  reaction  is  a  powerful 
method  to  determine  hydrogen  in  thin  layers. 
However  due  to  the  irradiation  of  the  sample  with 
energetic  15N  ions  during  the  measurement  the 
distribution  of  hydrogen  can  be  changed.  It  was  the 
aim  of  the  present  investigations  to  clarify  some 
aspects  of  the  system  H  in  Si02  on  Si  under 
irradiation  conditions  which  occur  during  H  depth 
profiling  with  this  method. 

2.  EXPERIMENTAL  DETAILS 

Samples  are  prepared  as  follows:  CZ-Si  crystal,  100 
mm  diameter,  (lOO)-orientation,  p-type  (B),  1-10 


ftcm,  IC  quality,  standard  RCA  cleaning,  oxidation 
at  700  °C  in  a  water  steam  atmosphere  to  a  173  nm 
thick  oxide  layer.  Some  of  the  samples  were 
subsequently  thinned  by  chemical  etching.  The 
distribution  of  hydrogen  in  the  samples  was 
investigated  by  NRA  measurements  at  temperatures 
around  300  K.  Repeated  measurements  were 
performed  on  the  same  sample,  so  that  the 
development  of  H  profiles  can  be  observed  as  a 
function  of  the  actual  15N  ion  dose  Q. 

Oxide  thickness  and  information  on  degradation 
effects  were  obtained  from  ellipsometric 
measurements.  Amplitude  ratio  ^(Ti)  and  phase 
shift  upon  reflection  A (k)  were  used  in  terms  of 
fingerprint  functions,  which  are  related  to  the 
electronic  structure  of  the  material  and  design 
features  of  the  coating-substrate  system.  A  rotating 
polarizer  ellipsometer  and  a  rotating  analyzer 
ellipsometer  took  data  every  5nm  in  the  wavelength 
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range  from  300  nm  to  800  nm,  and  from  270  nm  to 
1100  nm  respectively.  Xenon  white  light  sources 
result  in  effective  spot  areas  in  the  mm2  range. 

3.  RESULTS 

Fig.  1  shows  the  y-ray  yield  for  a  sample  with  a 
173  nm  thick  oxide  layer  as  a  function  of  the  energy 
loss  AE,  the  difference  of  the  actual  ion  beam 
energy  to  the  resonance  energy  (6.385  MeV)  of  the 
^(^N.ay^C  nuclear  reaction.  Three  profiles  are 
depicted  for  runs  with  increasing  total  irradiation 
doses.  The  symbols  show  measured  values,  solid 
lines  are  the  result  of  convolution  analysis  as 
described  in  [1,2].  For  clearer  view,  the  surface 
peaks  due  to  surface  adsorbates  at  AE  =  0  are  not 
plotted.  The  first  run  of  measurements  limited  to  Q 
=  6.2x1 014  'V/cm2  gives  an  almost  constant  H 
concentration  of  about  2.2X1020cm'3  throughout  the 
Si02  layer.  At  such  a  low  irradiation  dose  we 
assume  that  this  profile  is  close  to  the  H  distribution 
of  the  unirradiated  sample.  The  last  run  of  NRA 
referring  to  the  dose  interval  Q  =  5.3  -  7.6xl016 
l5N+/cm2  shows  an  increase  in  the  H  concentration 
in  the  Si02/Si  transition  region  as  well  as  a  marked 
decrease  of  the  H  concentration  inside  the  oxide 
layer. 


Energy  Loss  A  E  [keV] 


Fig.  1 ;  Measured  y-yield  versus  AE  for  several  15N+  ion 
dose  intervals  for  a  sample  with  a  173  nm  thick  Si02 
layer.  The  solid  lines  are  the  result  of  a  convolution 
analysis. 

This  loss  of  hyrogen  from  the  Si02  region  and  the 
accumulation  at  the  Si02/Si  interface  as  a  function 
of  the  15N  ion  irradiation  dose  are  shown  in  Fig.  2. 


The  points  are  obtained  from  deconvolved  profiles. 
The  lines  are  only  intended  to  guide  the  eyes. 


Fig.  2:  Integral  hydrogen  content  in  the  total  Si02  layer 
and  in  the  Si02/Si  transition  region  (the  latter  is  assumed 
from  172  to  177  nm)  as  a  function  of  the  15N  ion  dose. 

Figure  3  refers  to  an  oxide  layer  which  was  wet  - 
chemically  thinned  from  173  to  32  nm.  The  y-yield 
of  the  sample  irradiated  with  15N  ions  with  energy 
6.438  MeV  is  shown  as  a  function  of  the  ion  dose. 
This  energy  corresponds  to  a  depth  of  34  nm 
assuming  an  energy  loss  of  1.54  keV/nm  [2]  in  the 
Si02.  Although  in  this  case  no  convolution  of 
profiles  could  be  performed  the  y-yield  obtained 
with  this  irradiation  energy  is  a  qualitative  measure 
of  the  H-content  in  the  transition  region.  Initially, 
an  accumulation  of  interfacial  hydrogen  by  the  ion 
irradiation  is  observed  as  in  the  thicker  sample  (Fig. 
2).  However,  at  higher  irradiation  doses  the  H- 
content  at  the  interface  drops  again  slowly. 


K.  Maser  et  al.  /  Microelectronic  Engineering  48  (1999)  139-142 


141 


Figures  4a  and  4b  show  fingerprint  spectra  of  the 
ellipsometric  quantitities  H^)  and  A (X)  for  the 
sample  with  an  oxide  thickness  of  173  nm  prior  to 

and  after  15N  ion  irradiation  with  a  dose  of  7X1016 
ions/cm2.  The  difference  of  these  two  functions  on 
X  is  significant.  No  significant  effects  were  found 
for  samples  with  lower  oxide  thickness  (wet- 
chemically  thinned  to  90  nm,  and  32  nm 
respectively).  Hence,  for  thicker  oxide  films,  there 
is  a  degradation  effect  in  the  optical  functions  as  a 
result  of  15N  ion  irradiation.  Calculating  the  oxide 
thickness  based  on  a  simple  one-layer  model 
(Jellison  data)  the  uncertainity  of  the  measurement 
is  about  1  nm. 


Fig.  4a:  Fingerprint  function  'F(X)  before  and  after  15N 
ion  irradiation.  Angle  of  incidence:  75°. 


Wavelength  (nm) 

Fig.  4b:  Fingerprint  function  A(X)  before  and  after  15N 
ion  irradiation.  Angle  of  incidence:  75°. 


4.  DISCUSSION 

In  view  of  the  present  measurements  the  interpre¬ 
tation  of  previous  investigations  with  high  15N 
doses  [3-5]  have  to  be  somewhat  revised.  The  ana¬ 
lysing  beam  undoubtedly  changes  the  hydrogen 
profiles.  The  accumulation  of  hydrogen  near  the 
Si02/Si  transition  zone  and  the  loss  of  hydrogen 
from  the  oxide  layer  are  related  to  the  phenomenon 
that  the  initially  fixed  H  in  the  oxide  becomes 
mobile  by  the  energetic  irradiation  of  the  analysing 
beam  [1,2].  The  released  hydrogen  migrates  to  the 
surface  and  to  the  interface  region.  The  surface  acts 
as  an  unsaturable  sink  where  hydrogen  is  lost.  The 
interface  region  should  contain  saturable  trap  sites 
for  hydrogen  to  explain  the  observed  increase  in  H- 
content  in  this  region.  In  the  case  of  thermally 
grown  SiO2/Si(100)  transition  zones,  H-trapping 
sites  may  arise  from  following  reasons: 

(a)  Compositional  modifications  involving  the 
suboxides  Si20,  SiO  and  Si2C>3  [6-8], 

(b)  a  mass  density  gradient  as  well  as  interfacial 
strain  arising  from  the  lattice  mismatch  between  Si 
and  Si02  [9,10], 

(c)  structural  defects  forming  during  the  oxidation 
process,  e.  g.  trivalent  silicon  atoms  (silicon 
dangling  bonds,  Pb  center),  non-bridging  oxygen 
atoms  (oxygen  dangling  bonds),  strained  (or  weak) 
Si-Si  bonds  (E*  center),  strained  (or  weak  )  Si-0 
bonds  [11-17], 

(d)  irradiation-induced  structural  damages  and 
defects  arising  from  measuring  methods  and 
technological  steps  [18-25]  . 

Recent  stress  measurements  on  Si02/Si-structures 
prepared  very  similar  to  those  of  the  present 
investigations  indicate  the  highest  oxide  stress 
levels  (around  lGPa)  near  the  interface  of  these 
Si02/Si-sandwiches  [26].  It  is  supposed,  that 
hydrogen  accumulates  preferentially  there  to  reduce 
the  corresponding  strain.  Prolonged  irradiation 
again  reduces  the  interfacial  H-content  (see  Fig.  3). 
This  result  indicates  that  the  traps  at  the  interface 
are  shallow  enough  to  enable  a  small  release  by  ion 
irradiation.  The  change  in  the  hydrogen  profile 
might  be  responsible  for  the  change  in  the 
ellipsometric  data.  Other  phenomena  (e.g.  change 
of  the  oxide  density,  increasing  surface  roughess) 
would  occur  also  for  thinner  oxides  and  would  even 
more  influence  ellipsometric  data.  A  detailed 
ellipsometric  analysis  would  require  a  model 
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calculation  including  the  H-distribution  in  the  Si02. 
This,  in  fact,  would  require  also  a  multi-sample 
analysis. 

The  dynamics  of  hydrogen  and  the  energy  levels  of 
the  traps  are  still  unsolved  questions.  It  is 
suggested,  that  the  interfacial  H-accumulation  can 
be  explained  at  least  qualitatively  using  a  non- 
Fickian  dopant  (H)  transport  model  proposed  in 
[27,28].  Accordingly,  two  non-Fickian  H-flux 
components  are  responsible  for  the  development  of 
the  H-peak.  They  are  thought  to  arise  from  both,  a 
maximum  concentration  of  trap  sites  as  well  as  a 
minimum  dopant  jump  rate,  which  are  assumed  to 
be  located  in  the  Si02/Si  transition  zone.  Problems, 
however,  remain  to  develop  the  overall  functional 
dependence  of  these  two  parameters  on  position  so 
that  up  to  now  no  numerical  check  of  this  theory 
has  been  done. 

In  order  to  obtain  more  insight  into  micro-structural 
and/or  stoichiometric  changes  in  Si02/Si  struc¬ 
tures  during  15N  ion  irradiation  further  work  is 
needed. 


5.CONCLUSION 

Since  the  analysing  beam  of  15N  ions  undoubtedly 
changes  the  hydrogen  profiles  in  Si02  layers,  the 
lowest  irradiation  dose  should  be  taken  in  order  to 
minimize  measurement  artefacts. 

Acknowledgement:  The  authors  are  thankful  to  the 
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Si02  films  were  grown  in  dry  oxygen  on  Si  (100)  substrates  at  various  temperatures,  then  annealed  for  various 
times  and  temperatures.  The  density  of  the  oxides  was  found  to  depend  on  the  growth  temperature,  and  on  the 
anneal  time  and  temperature.  The  amount  of  positive  charge  trapped  in  these  oxides  during  vacuum  ultraviolet 
hole  injection  was  found  to  be  inversely  related  to  the  oxide  density,  regardless  of  how  the  oxide  was  prepared. 
Comparison  of  the  density  of  trapped  holes  with  the  density  of  E’  centers  detected  by  electron  spin  resonance 
indicates  that  E’  centers  cannot  account  for  most  of  the  trapped  positive  charge.  A  model  to  explain  these 
observations  is  proposed. 

1.  INTRODUCTION  2.  EXPERIMENTAL  DETAILS 

Si02  films  prepared  by  oxidizing  Si  substrates  in  Oxides  were  grown  on  (100)  oriented  p-type  Si 

dry  oxygen  trap  positive  charge  when  x-rayed  or  substrates  in  dry  oxygen  at  temperatures  of  900,  975, 

when  injected  with  holes.  Although  it  is  well  known  1050,  1125,  and  1200  °C.  The  growth  times  were 

that  the  extent  of  charge  trapping  is  enhanced  by  adjusted  to  produce  oxides  approximately  120  nm 

high  growth  temperatures  or  by  post-oxidation  thick.  The  oxides  were  then  annealed  in  Ar  at  900, 

anneal  (POA),  there  is  no  consensus  as  to  the  975, 1050,  or  1125  °C  for  0,  10,  60,  or  360  min. 

mechanism  for  this  enhancement.  In  an  early  model  The  density  and  thickness  of  each  oxide  were 

of  EerNisse  and  Derbenwick  [1]  the  presence  of  determined  from  spectroscopic  ellipsometry 

charge  traps  was  attributed  to  the  breaking  of  bonds  measurements  at  an  angle  of  incidence  of  61.42° 

during  the  relaxation  of  the  oxide  by  viscous  flow.  using  the  procedure  described  previously  [5]. 

Kim  and  Lenahan  [2]  suggested  that  a  major  hole  Briefly,  the  measured  values  of  the  ellipsometric 

trap  is  the  E’  center,  which  is  an  oxygen  vacancy  in  parameters  A  and  ¥  are  compared  to  values 

Si02.  Warren  et  al.  [3]  proposed  that  oxygen  calculated  assuming  various  oxide  structures.  For 

vacancies  result  from  the  outdiffusion  of  oxygen  these  oxides,  the  best  agreement  was  obtained  by 

during  high  temperature  processing.  Lenahan  et  al.  assuming  that  the  oxide  was  a  homogeneous  layer  of 

[4]  suggested  that  the  increase  in  the  number  of  hole  densified  Si02. 

traps  during  POA  can  be  explained  by  statistical  in  preparation  for  hole  trapping  measurements, 

thermodynamics.  15  nm  thick  Au  dots  0.005  cm2  in  area  were 

In  this  paper  it  is  shown  that  the  hole  trapping  evaporated  onto  the  oxides.  Electron-hole  pairs  were 

efficiency  can  be  correlated  to  the  oxide  density,  pox,  formed  in  the  top  ~10  nm  of  the  oxide  by  shining 

and  that  pox  is  affected  by  the  growth  temperature,  vacuum  ultraviolet  (VUV)  irradiation  through  the 

Tg,  and  by  the  POA  time  and  temperature.  It  is  also  Au  dots.  1014  holes/cm2  were  injected  into  the  oxide 

shown  that  the  increase  in  hole  trapping  efficiency  by  applying  a  positive  voltage  to  the  Au  dot  to  create 

following  high  temperature  anneals  occurs  without  a  a  field  of  1  MV/cm  in  the  oxide.  The  resulting 

concomitant  increase  in  the  number  of  E’ centers.  buildup  of  positive  charge  in  the  oxide  was 

monitored  using  1  MHz  capacitance-voltage 
measurements  to  determine  the  (negative)  shift  in 
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the  flatband  voltage,  AV^.  AV^  has  two 
components,  one  arising  from  hole  trapping  in  the 
oxide,  and  one  from  generation  of  interface  traps.  To 
separate  these  two  components,  UV  light  was  used 
to  photoinject  electrons  into  the  oxide  to  neutralize 
the  trapped  holes.  The  remaining  shift  in  the  flatband 
voltage,  AVflj^t),  is  due  to  interface  traps,  and  the 
shift  AVfb  -  AV{b(int)  is  due  to  hole  trapping  in  the 
oxide. 

Electron  spin  resonance  (ESR)  measurements 
were  used  to  determine  the  number  of  paramagnetic 
defects.  Measurements  were  made  at  4.3  K  using 
conventional  absorption  mode  ESR  at  20.1  GHz,  as 
described  previously  [6].  1014  holes/cm2  were 
injected  by  shining  VUV  light  through  a  Au  film 
positively  biased  to  produce  an  oxide  field  of  2 
MV/cm.  The  Au  film  was  then  removed,  and  ESR 
measurements  were  made  to  determine  the  number 
of  defects  that  were  paramagnetic  in  the  charged 
state.  The  trapped  charge  was  then  neutralized  using 
electron  photoinjection,  and  ESR  measurements 
were  repeated  to  determine  the  number  of  defects 
that  were  paramagnetic  in  the  neutral  state. 

3.  RESULTS 

All  the  oxides  were  found  to  be  denser  than 
fused  silica.  The  oxide  density  was  found  to  depend 
on  Tg,  and  on  the  POA  time  and  temperature.  Figure 
1  shows  pox  of  as-grown  oxides  as  a  function  of  Tg. 
Oxides  grown  at  900  °C  are  seen  to  have  a  density 
about  3.2%  greater  than  /used  silica  (%gfs).  As  Tg  is 
increased,  pox  decreases,  at  least  up  to  ~1100  °C.  A 
similar  decrease  of  the  refractive  index  with  growth 
temperature  was  observed  earlier  by  Taft  [7].  For 
Tg<1050  °C,  POA  treatments  decrease  pox,  as  shown 
in  Fig.  2  for  an  oxide  originally  grown  at  900  °C. 
After  high  temperature  POA,  or  very  long  POA  at 
lower  temperatures,  pox  becomes  similar  to  that  of 
oxides  initially  grown  at  large  Tg.  A  similar  decrease 
in  the  oxide  refractive  index  after  POA  was  reported 
earlier  on  the  basis  of  single  wavelength 
ellipsometry  [8,9].  These  results  indicate  that  the 
oxide  relaxes  during  the  POA  until  it  attains  the 
density  of  an  oxide  grown  at  high  Tg.  Infrared 
measurements  [10]  indicate  that  low  Tg  oxides  have 
smaller  Si-O-Si  bridging  bond  angles  than  bulk 
oxide,  so  the  structural  relaxation  (decrease  in  pox) 
occurring  during  POA  likely  involves  an  increase  in 
this  bond  angle. 


Growth  temperature,  Tg  (°C) 

Figure  1.  Density  of  as-grown  oxides  as  function  of 
growth  temperature. 


Anneal  temperature 

Figure  2.  Density  of  oxide  grown  at  900  °C,  then 
annealed  at  various  temperatures  for  10  (•),  60  (o), 
or  360  (Y)min. 

Positive  charge  trapped  in  the  oxide  after 
injection  of  10 14  holes/cm2  results  in  a  negative  shift 
of  the  flatband  voltage.  Figure  3a  shows  that  as  pox 
is  decreased  by  increasing  Tg,  AVfb  is  increased. 
Figure  3b  shows  that  for  oxides  grown  at  900  °C,  as 
pox  is  decreased  by  various  POA  treatments,  AVft 
also  increases.  Finally,  Fig.  3c  shows  AVfb  as  a 
function  of  pox  for  all  the  oxides  studied.  From  these 
data,  it  is  clear  that  AVft  is  correlated  to  pox, 
regardless  of  the  specific  fabrication  conditions  by 
which  the  oxide  attained  that  density. 

Contributions  to  AVft  due  to  interface  traps  and 
to  oxide  traps  can  be  separated  as  discussed  above. 
From  the  individual  voltage  shifts,  the  density  of 
interface  traps,  Nit,  and  the  density  of  oxide  traps, 
Not,  can  be  determined.  The  results,  shown  in  Fig.  4, 
indicate  that  Nit  and  Not  both  are  correlated  with  pox, 
and,  again,  not  on  the  specific  fabrication  conditions 
by  which  the  oxide  achieved  that  value  of  pox. 
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Oxide  density  (%gfs) 

Figure  3  Dependence  of  AVft,  on  oxide  density 
for  a)  as-grown  oxides,  b)  oxides  grown  at  900  °C 
then  annealed  for  10,  60,  or  360  min  at  indicated 
temperature,  and  c)  oxides  grown  at  indicated 
temperature,  then  annealed  for  0,  10,  60,  or  360 
min  at  900,  975,  1050,  or  1 125  °C. 

The  only  paramagnetic  defect  observed  by  ESR 
was  the  E’  center.  Figure  5  shows  the  number  of 
paramagnetic  defects  observed  in  the  oxide  grown  at 
900  °C  then  either  annealed  at  higher  temperatures 
for  1  h,  or  left  unannealed.  The  number  of  defects 
that  are  paramagnetic  in  the  positive  charge  state  and 
in  the  neutral  state  are  shown,  along  with  the  total. 
Also  shown  is  the  number  of  positively  charged 
defects  determined  electrically.  Note  that  the  number 
of  paramagnetic  defects  is  essentially  unchanged  by 
the  anneal,  whereas  the  number  of  defects  observed 


Figure  4.  Dependence  on  oxide  density  of  (a) 
number  of  oxide  traps  and  (b)  number  of  interface 
traps. 


electrically  is  increased  by  the  anneal.  Also  note 
that,  except  for  the  unannealed  sample,  the  total 
number  of  defects  observed  electrically  is  much 
larger  than  the  total  number  of  paramagnetic  defects. 
Similar  trends  were  also  observed  for  unannealed 
samples  as  Tg  was  increased  from  900  °C  to  1125 
°C. 

4.  DISCUSSION 

The  above  results  indicate  that  hole  trapping  in 
thermal  oxides  is  correlated  with  the  macroscopic 
structure  of  the  oxide,  as  characterized  by  pox.  In  this 
section  a  model  is  proposed  to  explain  this 
correlation. 

Figure  4  indicates  that  Not  and  Nit  are  both 
correlated  to  pox,  suggesting  that  a  similar 
mechanism  might  be  responsible  for  charge  trapping 
in  the  bulk  and  at  the  interface.  It  has  been  shown 
[11]  that  interface  traps  formed  as  a  result  of  VUV 
irradiation  are  donor-type  states  that  are  stable  when 
positively  charged,  but  that  decay  when  neutral.  It 
has  been  suggested  [12]  that  these  states  result  from 
the  trapping  of  hydrogen  at  network  oxygen  sites 
near  the  interface.  When  positively  charged  to  form 
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Figure  5.  Dependence  of  defect  density  on  anneal 
temperature  for  oxide  grown  at  900  °C.  Density  of 
trapped  holes  (•)  and  total  paramagnetic  defects  (o) 
are  shown.  Also  shown  are  density  of  defects  that 
are  paramagnetic  when  the  oxide  is  positively 
charged  (□),  or  when  neutral  (A). 

=Si-OH+-Si=,  these  sites  are  stable.  But  when 
neutral,  the  H  atom  is  released  into  the  network 
where  it  may  be  dimerized  by  interaction  with 
another  H  atom,  and  the  donor-type  states  anneal. 

Similar  trapping  of  H  (and  subsequently  a  hole) 
at  =Si-0-Si=  sites  in  the  oxide  could  explain  the 
observed  dependence  of  Not  on  pox,  since  it  has  been 
suggested  by  Edwards  and  Germann  [13]  that  H 
bonding  at  network  O  sites  increases  as  the  Si-O-Si 
bond  angle  increases,  i.e.,  as  pox  decreases.  Such 
trapped  charge  would  be  stable  unless  neutralized  by 
an  injected  electron,  which  would  cause  the  trapped 
H  to  be  released. 

This  model  is  consistent  with  the  ESR  results 
discussed  above  that  indicate  that  much  of  the  oxide 
charge  is  trapped  at  sites  that  are  not  E'  centers.  It  is 
also  consistent  with  the  ESR  observation  that  no 
other  paramagnetic  defects  are  seen  when  the  oxide 
is  either  positively  charged  or  neutral:  When 
charged,  the  =Si-0H4-Si=  defect  is  diamagnetic,  and 
therefore  not  seen  by  ESR.  After  neutralization  the 
atomic  H  released  by  electron  capture  quickly 
dimerizes,  so  no  ESR  signal  is  observed  after 
neutralization  either. 

5.  SUMMARY 

It  has  been  shown  that  as-grown  thermal  oxides 
are  denser  than  fused  silica,  and  that  pox  decreases  as 
Tg  is  increased.  It  has  also  been  shown  that  pox  can 


be  decreased  by  POA  to  a  value  similar  to  that  of 
oxides  grown  at  very  high  temperatures. 

Both  Not  and  Nit  have  been  shown  to  be  related 
to  pox,  regardless  of  the  oxide’s  specific  fabri¬ 
cation  conditions  (Tg,  or  POA  time  and  temper¬ 
ature).  The  number  of  E’  centers,  on  the  other  hand, 
has  been  found  to  be  relatively  insensitive  to  these 
processing  parameters,  and,  in  most  cases,  smaller 
than  the  number  of  electrically  observed  defects. 

A  model  has  been  proposed  to  explain  the 
observed  dependence  of  hole  trapping  on  oxide 
density.  In  this  model,  which  is  similar  to  that 
proposed  earlier  for  donor-type  interface  states 
formed  by  VUV  irradiation,  holes  are  trapped  at 
network  oxygen  sites  that  have  captured  a  hydrogen 
atom. 
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Evidence  for  Spatial  Distribution  of  Traps  in  MOS  Systems  after  Fowler  Nordheim 
Stress 
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The  static  C-V  characteristics  allows  to  separate  interface  traps  and  slow  traps  in  MOS  systems  after  high  field 
injection  stress.  A  procedure  is  developed  to  deduce  the  spatial  distribution  of  rechargeable  traps  in  the  gate 
dielectric.  The  method  is  based  on  charge  conservation  and  voltage  boundary  conditions  at  the  interfaces. 


1  .INTRODUCTION 

High  electric  fields  are  known  to  cause  device 
parameter  degradation  due  to  generation  of 
interface  traps  and  charged  bulk  oxide  traps.  The 
classification  of  rechargeable  sites  in  the  MOS 
system  usually  is  based  on  the  time  constants  to 
recover  steady  state  after  changes  of  the  internal 
potential  due  to  external  biasing.  Traps  with 
relaxation  times  <0.1  sec  are  classical  interface 
traps  while  extremely  long  time  constants  are  due  to 
fixed  oxide  charges.  Charges  trapped  in  the  vicinity 
of  the  interfaces  with  a  relaxation  time  of  seconds 
up  to  hours  are  termed  slow  traps  or  border  traps 
[1]. 

Recently,  slow  traps  gain  attention  as  they  cause 
medium  term  parameter  drift  [2]  and  also  play  a 
significant  role  in  charge  loss  mechanisms  of  non 
volatile  memories  [3],  However,  the  experimental 
investigation  so  far  primarily  is  focused  on  indirect 
measures  of  the  charge  states  [4],  e.g.  threshold 
voltage  shifts  or  transistor  current  drifts.  These 
indirect  methods  sense  the  electric  fields  at  the 
substrate  interface  but  miss  the  charge  densities 
causing  the  instability. 

We  have  developed  an  adaptive  static  C-V 
procedure  with  equilibrium  controlled  feedback  of 
the  voltage  sweep  which  allows  the  separation  of 
interface  traps  from  slow  traps  in  MOS  systems  and 
provides  both  independent  information  of  potential 
and  charge.  Hence  it  permits  to  address  the  spatial 
distribution  of  various  species  of  traps. 


Voltage  Source  Electrometer 


measurement  procedure. 

2.  THE  STATIC  C-V  MEASUREMENT 
PROCEDURE 

The  equilibrium  controlled  static  C-V  setup  [3] 
uses  commercial  equipment  as  voltage  source  and 
electrometer.  During  the  sweep  the  system  waits  for 
steady  state  after  each  biasing  step.  Figure  1 
illustrates  the  setup  schematics  and  the 
displacement  charge  versus  time  after  incrementing 
the  gate  bias.  After  the  fast  relaxation  of 
displacement  charge  and  interface  traps  the  total 
signal  slowly  increases  and  approaches  the  steady 
state  value  when  AQ/At  drops  below  a  steady  state 
current.  A  current  resolution  of  1  fA  is  provided  by 
the  advanced  equipment  which  allows  to  detect 
slow  traps  even  in  capacitors  of  104  pm2  active  area. 
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Figure  2  Static  C-V  curves  of  the  fresh  MOS 
capacitor  on  p-substrate  and  after  high  field 
injection  stress  of  0.01C/cm2  @  O.lmA/cm,  85°C 
and  negative  gate  bias. 

In  Fowler  Nordheim  (FN)  stressed  MOS  devices 
pronounced  increase  in  relaxation  time  (trei)  is 
observed  between  fast  response  in  accumulation  and 
inversion  (Figure  2).  This  additional  charge  is 
attributed  to  charging  of  slow  traps  [4]  and  the 
amount  of  charge  is  a  quantitative  measure  of  the 
density  of  slow  traps. 

3.  EXTRACTION  OF  SPATIAL 
DISTRIBUTION  OF  TRAPS  FROM  C-V 
DATA 


The  band  bending  *¥  in  a  MOS  capacitor  can  be 
calculated  according  to  [5]: 


A 


1- 


■dV 


(1) 


ox  J 


With  the  oxide 

capacitance  Cox  =  ee</tox  and  dQ  =  CdV 


T  =  [dV — t-^—dQ 
J  £  •£„ 


(2) 


In  an  ideal  MOS  system  sweeping  from 
accumulation  to  inversion  or  vice  versa  I'P]  should 
always  results  in  1.12V  (band  gap  of  silicon).  In 
reality  the  result  is  affected  by  the  doping  density 
which  may  cause  poly  depletion  'P  =  vFsub  - 
and  also  by  the  measurement  temperature.  Since  the 
band  bending  'P  (for  constant  temperature)  is  not 
affected  by  degradation  due  to 


Figure  3  Schematic  distribution  of  charges  in  the 
MOS  system  after  high  field  stress. 

electrical  stress  the  values  deduced  from  C-V 
sweeps  taken  prior  to  and  after  degradation  need  to 
be  identical.  However,  for  degraded  MOS  devices 
this  evaluation  according  to  (2)  generally  leads  to  a 
smaller  value  compared  to  that  deduced  for  the 
fresh  device.  This  discrepancy  is  attributed  to  the 
simplified  charge  distribution  in  (2)  which  is  not 
generally  appropriate  for  MOS  systems  after 
electrical  degradation. 

A  more  detailed  model  of  MOS  capacitors 
illustrated  in  Figure  3  assumes  that  the  charge  of  the 
accumulation/inversion  layer  in  the  substrate  is 
separated  from  the  gate  interface  by  the  effective 
oxide  thickness  tox.  This  is  the  oxide  thickness 
deduced  from  the  accumulation  capacitance.  The 
centroid  of  interface  traps  is  preferentially  located 
at  the  physical  interface  tit  <  tox.  Slow  traps,  finally, 
are  shifted  inside  the  oxide  tsi  <  tjt  (cf.  Fig.  5).  With 
this  charge  distribution  the  integration  of  the  band 
bending  turns  into 

dQacc  '  Kx  dQit  ’  t  it  _  dQsl  '  *  si 

££ox  mox  ££ox 

(3) 

The  static  C-V  measurement  records  the  fast 
responding  displacement  charge  which  includes 
dQacc  and  dQit  and  the  slow  trapping  charge  dQsi. 
The  fast  charges  dQacc  and  dQit  can  be  separated 
with  the  help  of  the  initial  sweep:  in  the  fresh  device 
the  interface  trap  density  is  very  small,  hence  dQfast 
only  includes  dQacc  but  not  dQit.  dQacc  corresponds 
to  the  conventional  high-frequency  C-V  curve. 
After  determining  the  charges  in  (3)  there 
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Figure  4  Interface  potential  of  the  fresh  device  and 
after  high  field  stressing  assuming  different  spatial 
trap  profiles. 


Figure  5  Schematic  charge  distribution  of  interface 
traps  and  slow  traps  to  deduce  the  band  bending  of 
the  C-V  characteristics  consistently. 

are  two  fit  parameters  left,  tit  and  tsi  which  denote 
the  equivalent  oxide  thickness  associated  to 
interface  traps  and  to  slow  traps  respectively.  This 
procedure  resolves  the  above  mentioned 
discrepancy  and  allows  to  consistently  describe  the 
band  bending  by  adjusting  one  or  both  parameters. 

4.  TRAP  DISTRIBUTIONS  AFTER  FN 
INJECTION  STRESS 

Planar  MOS  capacitors  (llnm  gate  oxide,  p- 
substrate,  0.08mm2  active  area)  have  been 
characterized  by  the  static  C-V  procedure.  After 
they  have  been  exposed  to  high  field  FN  injection 
stress  of  0.01  C/cm2  at  O.lmA/cm2  and  negative 
gate  polarity  (accumulation)  again  a  static  C-V 
characteristic  was  taken.  Due  to  the  possible 


Figure  6  Measured  C-V  curve  and  transformation  of 
the  characteristics  from  the  virgin  device. 

separation  of  fast  responding  capacitance  and 
steady  state  capacitance,  it  is  evident  from  Figure  2 
that  interface  traps  have  been  generated  and  also 
slow  traps  are  present.  The  band  bending 
calculations  from  (2)  and  also  the  using  the  detailed 
charge  model  (3)  for  the  degraded  device  are  shown 
in  Figure  4.  It  becomes  evident  that  the 
conventional  approach  results  in  a  smaller  band 
bending  of  the  degraded  device.  In  a  first  step  the 
interface  traps  are  shifted  by  0.6nm  (tlt  =  0.95  tox) 
which  increases  the  band  bending.  The  amount  of 
shift  corresponds  to  the  difference  of  oxide 
thickness  deduced  by  electrical  and  optical  methods 
[6]  and  thus  assumes  the  interface  traps  at  the 
physical  interface.  Then  the  effective  distance  of  the 
center  of  slow  traps  is  fitted  to  increase  the  band 
bending  to  that  of  the  fresh  device.  An  effective 
distance  of  tsi  =  0.65  t^  is  obtained.  Assuming  slow 
traps  on  both  interfaces  an  effective  depth  of  0.15 
^  =  1.6nm  from  either  interface  is  deduced.  This  is 
a  feasible  distance  for  charge  exchange  by  direct 
tunneling  processes.  The  extended  charge 
distribution  model  allows  to  evaluate  C-V  data 
consistently  and  provides  experimental  evidence  for 
the  spatial  location  of  traps  in  MOS  systems.  A 
schematic  summary  of  the  charge  distribution  is 
presented  in  Figure  5. 

With  the  correct  band  bending  the  C-V  curve 
without  interface  traps  Co  is  calculated  in  Figure  6. 
Thus,  the  static  C-V  procedure  alone  provides  all 
necessary  information  to  evaluate  the  interface  trap 
densities.  The  results  are  plotted  in  Figure  7  and 
show  a  broad  distribution  of  interface  traps  while 
the  slow  traps  are  confined  closer  to  the  conduction 
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[5]  M.  Kuhn,  Solid  State  Electr.  13  (1970)  873 

[6]  H.  Reisinger,  H.  Oppolzer  and  W.  Honlein, 
Solid  State  Electr.,  35  (1992)  797. 

[7]  M.  Kerber,  J.  Appl.  Phys.,  74  (1993)  2125. 


Figure  7  Densities  of  interface  traps  and  slow  traps 
deduced  from  Figure  6.  The  integrative  densities  of 
interface  traps  and  slow  traps  are  Nit  =  1.3  10 12  and 
Nsi=  1.4  1011  cm"2  respectively 

band  [7]  which  is  also  suggested  from  Figure  5 
directly.  Since  the  band  bending  is  consistent  using 
the  improved  charge  distribution  model  also  the  trap 
density  spectra  are  more  realistic. 

5.  SUMMARY 

The  equilibrium  controlled  static  C-V  procedure 
is  used  to  experimentally  resolve  slow  traps  in  MOS 
capacitors  after  high  field  injection.  Consistent  data 
analysis  leads  to  a  refined  charge  distribution  model 
which  results  in  smaller  effective  distances  of 
interface  traps  and  slow  traps  from  the  gate 
electrode  as  compared  to  the  effective  oxide 
thickness.  In  Fowler-Nordheim  stressed  devices,  the 
charge  center  of  slow  traps  is  located  about  1.6  nm 
from  the  interfaces  if  slow  traps  are  assumed  to  be 
generated  at  both  interfaces.  The  static  C-V 
procedure  thus  provides  experimental  evidence  for 
the  spatial  distribution  of  traps  in  MOS  systems. 
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An  experimental  method  capable  of  separating  electron  and  hole  transient  currents  in  MOS  devices  is  presented. 
The  measurements  of  transient  discharge  resulting  from  voltage  step  above  threshold  voltage  allow  a  quantitative 
evaluation  of  the  trap  energy  distribution  and  of  its  dependence  on  stress.  Traps  aligned  with  the  oxide  band  gap 
are  found  to  increase  strongly  after  stress.  The  separation  of  steady-state  currents  has  been  also  performed,  and 
discussed  in  terms  of  the  stress-dependent  trap  distribution  obtained  from  the  transient  separation  analysis. 


1.  INTRODUCTION 

The  increased  importance  of  the  stress-induced 
leakage  current  (SILC)  in  ULSI  low-power  and 
non-volatile  memory  applications  [1]  has  long 
been  recognized.  The  SILC  has  been  described 
by  a  process  of  trap-assisted  tunneling  (TAT) 
through  stress  generated  oxide  traps  [2,3].  The 
experimental  measurement  of  the  trap  energy  dis¬ 
tribution  represents  therefore  a  primary  concern 
in  order  to  quantitatively  understand  the  SILC 
process.  Although  the  transient  SILC  current  has 
been  shown  to  provide  useful  informations  about 
the  oxide  trap  distribution  [4],  a  careful  analy¬ 
sis  of  the  transient  processes,  taking  into  account 
both  electron  and  hole  tunneling,  is  still  lacking. 

In  this  work,  an  experimental  procedure  for 
separation  between  electron  and  hole  transient 
currents  on  the  same  device  is  presented  for  the 
first  time.  The  measurements  have  been  ana¬ 
lyzed  on  the  basis  of  the  tunneling  front  model  [5] 
and  the  trap  distribution  inside  the  oxide  energy 
gap  has  been  computed.  The  dependence  of  such 
distribution  on  stress  has  been  studied,  and  evi¬ 
dence  for  a  marked  increase  in  the  concentration 
of  traps  aligned  with  the  Si  energy  gap  has  been 


found.  Finally,  the  impact  of  hole  tunneling  on 
the  steady-state  SILC  has  also  been  discussed. 

2.  SEPARATION  TECHNIQUE 

Transient  current  measurement  is  a  valu¬ 
able  tool  for  probing  the  oxide  trap  distribu¬ 
tion  [4].  Conventionally,  this  technique  requires 
the  recharge  of  oxide  traps  at  a  fixed  voltage  un¬ 
til  equilibrium  is  reached  (injection  stage);  then, 
the  oxide  field  is  removed  by  switching  the  MOS 
capacitor  at  fiat  bands,  and  the  current  result¬ 
ing  from  trap  emission  is  measured  (discharge 
stage)  [6].  Application  of  the  tunneling  front 
model  can  lead  to  straightforward  computation 
of  the  trap  density  as  a  function  of  energy  inside 
the  oxide.  The  technique  has  been  improved  here 
by  allowing  for  carrier  separation  at  the  substrate 
side,  thus  providing  information  on  the  detrap¬ 
ping  dynamics  of  electrons  and  holes  separately. 
This  is  accomplished  by  applying  a  gate  voltage 
above  threshold  [7],  instead  of  the  flat-band  volt¬ 
age,  during  the  discharge  stage. 

The  procedure  is  schematically  shown  in  Fig.  1, 
displaying  the  tunneling  and  trapping  processes 
occurring  in  an  n+-polysilicon/n-MOS  structure. 
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Figure  1.  Schematics  of  the  experimental  proce¬ 
dure:  (a)  injection  and  (b)  discharge. 


In  (a)  the  injection  dynamics  is  represented.  The 
application  of  a  negative  gate  voltage  Vmj  implies 
that,  at  equilibrium,  traps  close  to  the  gate-oxide 
interface  become  filled  if  their  energy  is  lower  than 
the  gate  Fermi  energy.  These  traps  are  initially 
empty  due  to  the  previous  discharge  stage,  and 
are  filled  as  a  consequence  of  electron  injection 
from  the  n+-polysilicon.  Conversely,  traps  near 
the  substrate  interface  are  initially  filled  (shad¬ 
owed  region  in  Fig. 1(a))  and  electrons  escape 
from  defect  levels  above  the  substrate  Fermi  en¬ 
ergy.  Electron  emission  occurs  toward  both  the 
conduction  and  valence  band  of  the  substrate, 
and  can  be  treated  as  hole  trapping  in  the  case 
of  emission  toward  the  valence  band.  Therefore, 
both  trapping  of  gate  electrons  and  substrate 
holes  occurs  in  the  injection  stage. 

In  the  discharge  stage  (b)  application  of  a  pos¬ 
itive  gate  voltage  allows  for  carrier  separation  at 
the  substrate.  Electrons  are  injected  from  the 
source-drain  contacts  to  the  initially  empty  ox¬ 
ide  traps,  while  detrapped  holes  are  collected  at 
the  substrate.  At  the  gate-oxide  interface  elec¬ 
trons  are  emitted  from  oxide  traps  filled  during 
the  previous  discharge  stage  (shadowed  region  in 
Fig. 1(b)). 

In  order  to  evaluate  the  oxide  trap  distribu¬ 
tion,  the  gate  and  substrate  currents  are  mea¬ 
sured  in  the  discharge  stage.  Whereas  the  gate 
transient  current  includes  both  displacement  and 
conduction  contributions  [8],  the  substrate  cur¬ 


Time  [s] 


Figure  2.  Gate  discharge  currents  for  the  vir¬ 
gin  and  stressed  samples  as  a  function  of  the  dis¬ 
charge  time,  for  Vinj  =  -1  V,  -3  V  and  -5  V. 


rent  represents  the  net  hole  conduction  current. 
In  fact,  inversion  layer  electrons  effectively  screen 
majority  carriers  in  the  p-substrate  from  inter¬ 
action  with  trapped  charge  in  the  oxide  layer. 
Therefore,  the  density  of  traps  aligned  with  the 
valence  band  near  the  substrate-oxide  interface 
is  computed  directly  from  the  substrate  current, 
whereas  trap  levels  above  the  Si  conduction  band 
near  the  gate-oxide  interface  is  calculated  from 
the  electron  conduction  current,  obtained  from 
the  measured  gate  current.  Changing  Vinj  allows 
for  sampling  the  trap  distribution  in  a  large  en¬ 
ergy  range  within  the  oxide  band  gap. 

3.  RESULTS 

Figs.  2-3  show  transient  currents  measured  af¬ 
ter  injection  at  Vinj  =  -1,  -3  and  -5  V  gate  voltage 
at  the  gate  and  substrate  electrodes,  respectively. 
Carrier  discharge  was  measured  under  +2  V  gate 
voltage.  Transient  currents  shown  in  Figs.  2-3  be¬ 
have  very  differently  upon  application  of  an  elec¬ 
trical  stress.  Namely,  gate  currents  in  Fig.  2  are 
strongly  enhanced  after  stress,  whereas  hole  cur¬ 
rents  in  Fig.  3  display  only  a  weak  dependence. 
Better  evidence  for  the  different  stress  sensitiv¬ 
ity  can  be  obtained  by  integrating  the  transient 
currents  at  the  substrate  and  gate  electrodes;  the 
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Figure  3.  Same  as  Fig.  2  but  referred  to  the  sub¬ 
strate  current. 


Figure  4.  Integrated  charge  at  the  substrate  and 
gate,  before  and  after  stress. 


resulting  charge  values  Q tot  are  reported  in  Fig.  4 
as  a  function  of  V inj  •  It  can  be  seen  that  the 
integrated  discharge  currents  in  the  virgin  oxide 
are  approximately  equal  at  the  gate  and  the  sub¬ 
strate,  and  that  application  of  a  stress  leads  to 
the  addition  of  an  almost  constant  factor  to  the 
total  discharge,  irrespective  of  Vjnj.  The  addi¬ 
tional  quantity  for  gate  currents  is  nearly  one  or¬ 
der  of  magnitude  larger  than  that  for  substrate 
currents,  demonstrating  that  gate  transient  cur¬ 
rent  is  much  more  sensitive  to  the  oxide  damage 
conditions. 

The  determination  of  trap  density  has  been 
carried  out  on  the  basis  of  the  tunneling  front 
model  [5,6].  In  this  model,  which  generally  refers 
to  the  flat-band  condition,  the  application  of  an 
external  electric  field  in  the  discharge  configura¬ 
tion  must  be  taken  into  account.  Also,  the  pres¬ 
ence  of  a  displacement  contribution  affecting  the 
gate  current  has  been  properly  considered  in  or¬ 
der  to  obtain  the  net  particle  current.  The  trap 
distribution  obtained  in  this  way  is  reported  in 
Fig.  5.  The  trap  density  is  sampled  in  energy  re¬ 
gions  aligned  both  with  the  Si  bands  and  with  the 
band  gap.  Whereas  the  number  of  defect  states 
aligned  with  the  Si  band  gap  clearly  increase  after 
stress,  other  energy  locations  display  only  small 
fluctuations  upon  application  of  the  stress. 

The  transient  charge  separation  presented  so 


far  allows  to  measure  the  carrier  discharge  after 
the  oxide  traps  have  been  populated  up  to  equi¬ 
librium.  This  method  has  shown  the  bipolar  na¬ 
ture  of  transient  currents,  since  both  electron  and 
hole  detrapping  processes  have  been  detected.  To 
furtherly  characterize  the  trapping  and  tunneling 
of  both  types  of  carriers,  we  have  performed  I-V 
measurements  on  n+-poly/p-MOS  structure.  In 
these  type  of  device,  carrier  separation  is  possi¬ 
ble  at  negative  voltages  below  the  threshold  for 
substrate  inversion:  holes  can  be  collected  at  the 
source-drain  contacts,  while  electron  current  is 
measured  at  the  substrate.  Fig.  6  shows  the  hole 
and  electron  currents  in  an  n+/p-MOSFET  with 
8.2  nm  oxide  thickness.  In  this  figure,  conven¬ 
tional  I-V  characteristics  (lines)  obtained  at  a 
ramp-rate  of  1  V /400  s  are  compared  to  station¬ 
ary  values  (symbols),  in  which  the  steady-state 
current  at  fixed  voltage  was  measured.  Two  volt¬ 
age  regions  can  be  identified  with  respect  to  the 
sign  of  the  hole  current:  for  low  gate  voltages  up 
to  5.5  V,  a  significant  hole  current  is  measured 
flowing  toward  the  gate  electrode  [9],  whereas  in 
the  upper  voltage  range  energetic  gate  electrons 
generates  electron-hole  pairs  by  impact  ioniza¬ 
tion  [7],  leading  to  an  excess  hole  current  collected 
at  the  source-drain  contacts.  The  stationary  re¬ 
sults  in  Fig.  6  demonstrates  that  hole  current  is 
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Figure  5.  Energy  distribution  of  electron  and  hole 
traps  for  the  virgin  and  stressed  samples. 


not  merely  a  transient  feature,  but  consists  of  a 
steady-state  flow  through  the  gate  oxide  layer, 
analogous  to  the  well-known  electron  SILC. 

Finally,  the  trap  distribution  obtained  from 
transient  measurements  and  the  dependence  of 
the  trap  density  on  stress,  allows  to  recognize 
the  trap  states  which  might  play  a  major  role  in 
the  stationary  leakage  current.  Since  trap  states 
aligned  with  the  Si  band  gap  display  the  larger 
sensitivity  to  stress,  the  same  states  might  be  re¬ 
sponsible  for  the  trap-assisted  process  allowing 
for  the  bipolar  leakage  observed  in  Fig.  6.  The 
relationship  between  concentration  of  oxide  deep- 
levels  aligned  with  the  Si  band  gap  and  SILC 
has  been  recently  predicted,  based  on  an  inelastic 
trap-assisted  tunneling  model  and  on  calculation 
of  I-V  curves  in  both  n-  and  p-MOS  devices  [10]. 

4.  CONCLUSION 

A  novel  experimental  technique  capable  of 
probing  electron  and  hole  trap  states  in  virgin 
and  stressed  oxide  has  been  developed.  It  al¬ 
lows  determination  of  trap  distribution  in  a  large 
region  of  the  oxide  gap,  requiring  only  minimal 
computational  effort.  Results  demonstrates  that 
the  stress-induced  damage  is  mostly  confined  in 
energy  locations  aligned  with  the  Si  band  gap,  in 
agreement  with  recent  SILC  calculations  based  on 


Gate  Voltage  [V] 

Figure  6.  Source/drain  (dashes)  and  substrate 
(solid)  currents  in  a  p-MOSFET.  Circles  repre¬ 
sents  steady-state  points. 


an  inelastic  trap-assisted  model. 
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Presented  here  is  a  technique  fra:  profiling  near  inter  facial  oxide  traps  based  on  the  McWhorter  tunneling 
model.  The  technique  is  verified  by  comparing  slow  state  densities  obtained  using  the  Gp/o  conductance 
technique,  which  is  an  established  method  for  slow  state  density  determination. 


1.  INTRODUCTION 

As  MOS  device  dimensions  become 
smaller,  reliability  becomes  a  key  issue.  Long  term 
reliability  is  affected  by  the  presence  of  slow  states, 
or  border  traps,  in  the  oxide  close  to  the  Si-Si02 
interface.  During  measurement  of  Ilf  noise  in  MOS 
transistors,  Meisenhimer  and  Fleetwood1  found  that 
radiation  induced  1  If  noise  correlated  with  oxide 
trap  charge  through  irradiation  and  anneal,  but  not 
with  interlace  trap  charge.  This  implies  that  1/f 
noise  is  directly  related  to  the  oxide  trap  charge  in 
irradiated  or  otherwise  electrically  damaged 
devices.  McWhorter2  proposed  that  near-surface 
states  are  responsible  for  the  1  If  noise  seen  in  MOS 
transistors,  with  a  distribution  of  trapping  times  at 
the  semiconductor-oxide  interface  which  would 
arise  naturally  from  a  spatially  uniform  distribution 
of  tunnelling  depths  to  traps  in  the  oxide. 
Measurements  of  Random  Telegraph  Signals  in 
MOSFETs  confirmed  that  slow  surface  states  are 
responsible  for  the  1/f  noise,  but  with  the 
distribution  of  trapping  times  being  due  to  both  a 
distribution  of  tunnelling  depths  and  a  distribution 


of  activation  energies  for  capture3.  Nevertheless,  the 
simple  McWhorter  tunnelling  model  is  usually  used 
to  interpret  1/f  and  slow  state  measurements 
because  of  its  easy  applicability. 

In  the  study  of  the  effects  of  oxide  traps  on 
MOS  capacitance,  Heiman  and  Warfield4  used  the 
McWhorter  model  and  concluded  that  very  little 
information  about  the  energy  distribution  and 
capture  cross  sections  of  the  oxide  traps  is  obtained 
from  the  analysis  of  MOS  capacitance  curves. 
Kerber5  found  experimental  evidence  of  slow  traps 
by  using  an  improved  static  C-V  method  which 
keeps  the  MOS  system  close  to  equilibrium 
throughout  the  C-V  sweep.  The  decay  of  the 
displacement  current  after  small  gate  bias  steps  was 
attributed  to  the  charging  /  discharging  of  slow 
traps. 

Paulsen6  et  al  encountered  low  frequency  increase 
in  charge  recombination  per  cycle  in  studies  of 
MOS  devices  using  the  charge  pumping  technique 
which  they  attributed  to  the  charging  and 
discharging  of  traps  located  within  tunnelling 
distance  of  the  Si/Si02  interface,  i.e.  border  traps. 
Uren7  et  al  observed  a  low  frequency  plateau  in 
conductance  measurements  on  MOS  capacitors 
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which  was  consistent  with  slow  states  observed  by 
other  techniques  in  particular  those  states 
responsible  for  Iff  and  telegraph  noise  in 
MOSFETs.  More  recently  the  study  of  current 
transients  following  the  application  of  a  small 
voltage  step  has  been  used  by  Tanner8  et  al  to 
characterise  traps  generated  in  the  oxide  of  MOS 
capacitors  by  constant  current  stressing. 

Here  we  present  an  analysis  of  the 
experimental  method  presented  by  Tanner  et  al 
using  the  McWhorter  model,  and  apply  it  to 
radiation  damaged  oxides.  The  measurement  of 
slow  state  density  is  validated  using  the  conductance 
technique.  A  feature  of  the  technique  used  in  this 
analysis  of  border  traps  is  that  it  allows  the 
relationship  of  time  with  distance  into  the  oxide 
enabling  3D  profiling  of  states. 

2.  THEORY 

For  a  set  of  slow  states  at  the  Fermi  level  at 
equilibrium,  the  capture  time  equals  the  emission 
time (tc  =  te)  where : 

xc  =  oun'1  (1) 

where  ct  is  the  capture  cross  section,  o  the  carrier 
velocity  and  n  die  carrier  concentration  in  the 
conduction  band  at  the  surface,  given  by : 

n  =  Nc  exp(-EcF  /  kT)  (2) 

where  Nc  is  the  effective  density  of  states  in  the 
conduction  band  and  ECT  is  die  Fermi  energy 
relative  to  the  conduction  band. 

Assuming  that  the  population  of  oxide  traps  is 
distributed  uniformly  in  distance  into  the  oxide  then 
according  to  McWhorter’s  model 

a  =  a0exp(-2icx)  (3) 

where  k  isihe  wavefimction  inverse  decay  length  in 
the  oxide.  The  capture  time  for  traps  at  a  depth  x 
into  the  oxide  is: 

ic  =  exp(2icx  +  Ecf  /kT)  /  ixr0Nc  (4) 


x  =  l/2K[ln(uaoNCT)  -  ECf  /  kT]  (5) 

We  assume  the  traps  are  distributed  through  the 
oxide  both  in  energy  and  space  with  density  NT  m'3 
joule1  as  is  required  to  produce  a  1/f  noise 
spectrum.  The  method  consists  of  stepping  the  gate 
voltage  resulting  in  a  change  in  the  Fermi  energy 
AE  (figl).  If  the  device  is  in  equilibrium  before  the 
step,  then  following  the  step  traps  up  to  a  depth  x 
will  have  changed  charge  state,  and  depth  x  will 
increase  with  time,  thus: 

N(x)  =  xNxAE.  (6) 

where  N(x)  is  the  number  of  states  which  will  have 
changed  state  per  unit  area.  Now  all  states  with  time 
constants  greater  than  the  time  constant  for  x  =  0  ie 
x  >  tco  where 

Tco  =  exp(EcF/kT)/Ncvao  (J) 

and  less  than  the  time  constant  at  depth  x,  ie  the 
measurement  time,  will  have  changed  charge  state. 
Substituting  for  x 

N(t)  =  1/2k  [ln(vaoNct)  -  EcF/kT]  NTAE 
(8) 

the  total  charge  is 

Q(t)  =  N(t)q  (9) 

ie  charge  in  the  slow  states  changes  logarithmically 
with  time. 

The  current  density  at  time  t  after  the  step  is 

=  (10) 

J(t)  =  qNxAE/2ict 

(ID 

And  so 

Nx=2icJ(t)t/qAE  (12) 


and 
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Figure  1.  Following  voltage  step  AV,  current  I  is 
measured  after  a  delay  U-  A  further  delay  teq  is 
allowed  for  device  to  return  to  equilibrium  before 
next  voltage  step. 

3.  EXPERIMENT  AND  RESULTS 


Gate  Bias  (V) 


Figure  2.  Measured  gate  current  following  the 
application  of  lOmV  step.  The  current  is  plotted  as 
a  function  of  time  delay  which  is  related  to  the 
distance  into  the  oxide. 


Both  n-type  and  p-type  aluminium  gate 
MOS  capacitors,  with  an  oxide  thickness  of  26nm 
and  a  gate  area  of  6.97  x  10‘3  cm2  were  X-ray 
irradiated  with  400krad(Si)  dose  to  produce  both 
fast  and  slow  states.  These  were  examined  using 
both  the  above  technique  and  the  conductance 
technique.  For  the  equilibrium  voltage  step 
technique  measurements  were  taken  using  the 
Keithley  595  Quasistatic  C-V  meter.  The 
measurements  taken  provided  the  information  to 
plot  both  the  quasistatic  C-V  and  the  I-V  curves 
used  in  the  determination  of  energy  levels  and  trap 
densities.  The  gate  bias  voltage  was  swept  from 
+4V  to  -4V  using  a  staircase  waveform  with  a  step 
voltage  of  lOmV  per  step,  which  was  supplied  by 
the  Keithley  595. 

Following  the  application  of  the  voltage 
step  the  resulting  current  transients  were  measured 
after  a  pre-determined  time  delay  ranging  from 
100ms  on  the  first  sweep  up  to  2 secs  on  subsequent 
sweeps.  Following  each  measurement  a  delay  of 
6 secs  was  allowed  for  the  device  to  return  to 
equilibrium  before  the  next  voltage  step  was 
applied.  This  delay  time  necessary  to  ensure 
equilibrium  was  determined  by  biasing  the  device 
into  inversion  and  monitoring  the  capacitance  and 
current  at  regular  time  intervals  until  the 
capacitance  had  risen  to  the  value  of  Cox  and  the 
current  had  fallen  to  zero.  Fig.2  shows  an 


experimental  data  set  where  the  peak  corresponds  to 
the  fast  states  and  the  slow  states  appear  as  a  low 
level  plateau  to  the  right  of  the  peak. 

The  relation  of  Fermi  energy  to  the  gate 
bias  was  determined  from  the  equilibrium  C-V 
information  and  obtained  by  using  analysis 
presented  by  Nicollian  and  Brews9 

rg 

Vs(Vg)-\|/s(Vfb)=  j[l  -Cif/CaxyiV  (13) 

Vjb 

where  the  flatband  voltage  Vft  is  defined  by  \|/5(Vft) 
=  0 

Fig.3  shows  the  calculated  density  of  slow 
states  using  Eqn.  (12),  around  the  mid  gap  region 
for  the  n-type  capacitor  (right  of  the  prominent 
peak).  It  can  be  seen  that  the  level  of  states  into  the 
oxide  remains  constant.  This  agrees  with  the 
McWhorter  model  and  recent  suggestions  made  by 
Bauza  and  Maneglia10  in  their  study  of  oxide  traps 
using  the  charge  pumping  technique.  The 
prominent  peak  in  the  slow  state  density 
corresponds  to  the  limiting  case  of  traps  located  at 
the  surface  (ie  to  the  fast  states)  indicating  a  close 
relation  between  fast  and  slow  states  as  concluded 
byKerber2. 

The  conductance  technique  (GP  /  ©)  was 
applied  to  the  same  device,  where  the  density  of 
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‘plateau’  region  below  the  normally  analysed  fast 
state  peak. _ 
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Figure  3.  Density  of  slow  states  plotted  as  a  function 
of  time  delay  mid  gap  region  of  n-type  capacitor. 

Fig.4  shows  the  results  of  this  comparison  for  the 
MOS  capacitor  in  depletion  taken  from  the 
experimental  measurements  at  1  sec  time  delay 
using  EVS  and  experimental  measurements  taken  at 
a  frequency  of  1  Hz  using  GP  /  go.  It  can  be  seen  that 
the  two  sets  of  results  are  broadly  in  agreement  with 
each  other. 


Energy  E  -  Emg  (eV) 


Fig.  4  Density  of  slow  states  for  Equilibrium 
Voltage  Step  (EVS)  technique  with  a  time  delay  (td) 
of  1  second  and  Conductance  technique  (Gp  /go)  at  a 
frequency  of  1Hz 


4.  CONCLUSIONS 

A  technique  for  profiling  near  interfacial  oxide  traps 
is  demonstrated  based  on  application  of  a  voltage 
step  to  an  MOS  gate,  assuming  the  McWhorter 
model  of  traps  distributed  into  the  oxide.  The 
technique  has  been  verified  by  comparing  the  slow 
state  densities  obtained  with  the  results  of  the  Gp/co 
conductance  technique  which  is  an  established 
method  for  slow  state  determination.  The 
equilibrium  voltage  step  technique  is  simpler 
(although  of  lower  resolution)  than  conventional 
methods  such  as  Gp /<d  and  charge  pumping.  A 
feature  of  the  technique  is  that  it  allows  the 
relationship  of  time  with  distance  into  the  oxide 
enabling  3D  profiling  of  states. 
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Two  types  of  traps  at  the  Si/Si02  interface  characterized  by  their  cross  sections 
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The  dispersion  behavior  of  traps  at  the  Si/Si02  interface  has  been  investigated  applying  the  modulation  ca¬ 
pacitance  voltage  method.  N-type  MOS  samples  of  different  material  parameters  and  preparation  conditions 
were  used  to  vary  the  state  density  distribution.  Two  dispersion  regions  have  been  resolved  in  the  upper  half  of 
the  gap  which  can  be  described  by  two  Gaussian  broadened  time  constants.  The  evaluated  capture  cross  sections 
can  be  classified  in  two  groups  independent  of  the  specific  properties  of  the  samples.  The  cross  secti  ns  were 
assigned  to  two  types  of  silicon  dangling  bond  defects  with  different  back  bond  configurations. 


1.  INTRODUCTION 

The  static  properties  of  traps  at  the  Si/Si02  inter¬ 
face  such  as  density  and  energetic  distribution  have 
frequently  been  studied  as  a  function  of  preparation 
conditions  and  this  knowledge  is  widely  used  in 
device  technology.  There  is  far  less  information 
about  the  dynamic  properties  e.g.  emission  and 
capture  times  or  cross  sections.  A  critical  review 
shows  that  in  the  upper  half  of  the  gap  the  published 
data  scatter  over  more  than  4  orders  of  magnitude 
without  definite  relationship  to  preparation  condi¬ 
tions  [1].  This  paper  presents  investigations  of  the 
electron  capture  process  of  Si/Si02  interface  traps  in 
the  upper  half  of  the  gap  applying  the  modulation 
capacitance  voltage  (MCV)  method  [2]. 

2.  EXPERIMENTAL 

In  the  used  set  up  the  MOS  capacitance  is  the 
tuning  part  of  an  oscillator  circuit  (fHF  -  5  MHz) 
which  transforms  the  capacitance  change  to  a  fre¬ 
quency  shift.  Adding  a  small  sinusoidal  LF  signal 
(vMod  =  1  Hz...  100  kHz)  to  the  bias  voltage  the  com¬ 
plex  response  of  the  demodulator  is  measured  using 
the  lock-in  technique.  The  response  AC(vMod)  repre¬ 
sents  the  derivative  of  the  MOS  HF-capacitance  to 
the  modulation  voltage  dCMOS/dVMod  for  a  constant 


amplitude  of  the  LF  signal  and  is  recorded  in  the 
real  and  the  imaginary  component.  The  MCV  spec¬ 
trum  shows  (similar  as  in  admittance  spectroscopy) 
the  dispersion  behavior  of  interface  traps  at  the  en¬ 
ergy  level  determined  by  the  bias  voltage.  The 
spectra  were  recorded  as  a  function  of  the  gate  volt¬ 
age  Vg  and  in  the  temperature  range  T=  210  ...  297 
K  to  shift  the  total  dispersion  region  of  interface 
traps  into  the  available  frequency  window. 

To  get  a  representative  overview,  n-type  MOS 
samples  of  different  silicon  material  (Czochralski, 
Floatzone),  surface  orientation  (<111>,  <100>), 
oxidation  conditions  (wet,  dry),  and  annealing 
treatments  (high  temperature  annealing,  low  tem¬ 
perature  annealing  in  hydrogen  atmosphere,  without 
annealing)  prepared  by  three  different  laboratories 
were  investigated  (Tab.  1). 


3.  EXPERIMENTAL  RESULTS 

As  to  be  expected,  the  samples  show  a  consider¬ 
able  variety  in  the  density  and  shape  of  the  energetic 
distributions  Dit(E)  of  the  interface  traps  determined 
from  the  HF-CV  data  (Fig.  1).  Samples  1  and  2 
represent  the  as-oxidized  state  for  wet  oxidation  and 
samples  3  and  5  that  for  dry  oxidation  with  3  vol% 
TCA  supply.  Annealing  at  800  °C  in  H2  does  not 
significantly  change  the  interface  state  density 
(sample  2). 
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Table  1 


Sample  preparation 


Sample 

1 

Wafer  material 

CZ<111> 

Doping  density 
[cm'3] 
1.3xl015 

Oxidation 

1180°C  (wet) 

Annealing 

no 

Oxide  thickness 
[nm] 

400 

2 

CZ<111> 

9xl014 

1180°C  (wet) 

800°C  in  H2 
quenched  in  N? 

400 

3 

FZ  <11 1> 

1.3xl014 

HHSni 

no 

100 

4 

CZ<111> 

6xl014 

1000  °C  (dry/wet/dry) 

400°C  in  H2 
after  metallization 

850 

5 

FZ  <100> 

1.4xl015 

■mu 

no 

95 

Fig.  1.  Energetic  distribution  of  the  interface  state 
density  for  samples  1  to  5. 

These  distributions  are  characterized  by  a  pro¬ 
nounced  fraction  of  states  unsymmetrically  shaped 
around  midgap  with  the  major  contribution  in  the 
lower  half  of  the  gap.  The  more  symmetric  distribu¬ 
tion  of  sample  4  show  the  well  known  effect  of 
hydrogen  annealing  at  low  temperatures  decreasing 
the  state  density  by  hydrogen  saturation  of  dangling 
bond  defects. 

The  measured  dispersion  spectra  show  typically 
broadened  dispersion  regions  instead  of  Debye 
curves  for  a  single  time  constant.  For  samples  1  and 
2  the  dispersion  can  be  described  by  a  simple  Gaus¬ 
sian  broadening  of  time  constants  which  is  usually 
attributed  to  potential  fluctuations.  For  samples  3 
and  5  at  all  investigated  trap  energy  levels  two  dis¬ 
tinct  dispersion  regions  can  be  separated  in  the 
spectra  each  describable  by  a  Gaussian  broadened 
Debye  formula.  Sample  4  exhibits  also  two  disper¬ 


sion  regions  but  the  one  at  lower  frequencies  can  be 
resolved  only  in  the  energy  range  of  E  -  Ej  =  0...0.2 
eV.  This  results  point  to  the  superposition  of  two 
different  types  of  states  in  the  related  energy  range. 
The  characteristic  time  constants  Tj  and  t2  of  the 
distinct  dispersion  regions  for  a  certain  energy  level 
differ  by  about  1  to  2  orders  of  magnitude. 


Fig.  2.  The  imaginary  part  of  the  spectral  response 
of  sample  4  for  three  selected  trap  energies  includ¬ 
ing  the  fractions  for  both  time  constants  and  the  total 
fit.  The  lines  show  the  result  of  the  fitting  procedure 
described  in  section  4:  •  experiment,  fits:  —  t,,—  t2, 
- total. 
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4.  DATA  ANALYSIS 

The  fitting  procedure  for  analyzing  the  spectra 
were  based  on  the  calculation  of  the  equivalent  net¬ 
work  for  MOS  samples  in  accumulation  and  deple¬ 
tion  modes.  Interface  traps  were  represented  in  the 
usual  way  by  series  capacitor/resistor  links  [3].  The 
observed  broadening  is  reflected  by  Gaussian 
weighted  sets  of  links  with  time  constants  equidis- 
tantly  distributed  on  a  logarithmic  scale. 

To  calculate  the  characteristic  dispersion  fre¬ 
quencies 

Vchar=l/271T  (1) 

the  response  of  the  complete  network  must  be  taken 
into  account: 

Vchar  =  Vpeak  (Q>c  +  Q,x)/(Cit  +  Qc  +  ^ox)  P) 

where  Cit,  Csc,  and  Cox  denote  the  capacitances  of 
interface  states,  space  charge  layer,  and  oxide  layer, 
respectively.  According  to  our  results  the  definition 
of  the  characteristic  frequencies  vchar  by  the  peak 
positions  of  the  spectrum  would  lead  to  errors 
between  the  factor  3  up  to  two  orders  of  magnitude. 

The  fitting  procedure  consists  of  three  steps,  us¬ 
ing  i)  the  normalized  real  component  and  the  phase 
angle  for  a  first  approximation,  ii)  the  Cole-Cole 
plot  for  improving  the  fit,  and  iii)  the  measured  real 
and  imaginary  response  for  a  final  adjustment. 

Electron  capture  cross  sections  have  been  calcu¬ 
lated  equating  emission  and  capture  rates: 

Cf„  =  vcha,  I  (Vtf,  Nc  exp((EF-Ec)/kT)  (3) 

where  v^  denotes  the  thermal  velocity,  Nc  the  effec¬ 
tive  density  of  states  in  the  conduction  band,  and  EF 
the  Fermi  energy  at  the  interface. 


5.  RESULTS  AND  DISCUSSION 

As  surprising  result,  we  found  that  the  depend¬ 
ence  of  the  evaluated  capture  cross  sections  on  the 
energy  position  can  be  classified  in  two  curves  (Fig. 
3).  This  classification  is  unaffected  by  the  variety  of 
material,  the  preparation  parameters,  and  the  result¬ 
ing  trap  densities.  Therefore,  we  conclude  that  the 
two  sets  of  cross  sections  represent  a  basic  feature  of 
the  Si/Si02  interface.  This  result  suggests  two  dif¬ 
ferent  defect  centers  the  distribution  of  which  are 
superimposed  in  a  broad  energy  range  in  the  gap. 
Fig.  5  shows  a  model  for  the  fractional  state  density 
distributions  of  defects  at  the  Si/Si02  interface 
which  has  been  developed  predominantly  on  CV 
and  surface  photovoltage  (SPY)  measurements  [4]. 


There  are  exponential  tails  (UT)  and  various  types  of 
dangling  bonds  (UM,  PL  ,PH)  which  differ  chemically 
by  the  number  of  backbonded  Si  and  O  atoms. 

A  first  argument  for  an  assignment  of  the  an  to 
specific  defect  types  comes  from  the  charge  state  of 
the  centers  involved.  The  donor-like  state  due  to  the 
(+/0)  transition  of  the  PL  defect  is  coulomb  attractive 
for  electrons  and  should  have  a  larger  capture  cross 
section  than  the  acceptor-like  UM  states  (0/-)  of  the 
singly  occupied  neutral  dangling  bond  defect.  How¬ 
ever  a  defect  center  in  a  higher  charge  state  does  not 
in  any  case  lead  to  a  higher  cross  section  [5]. 


Fig.  3  Capture  cross  sections  of  five  samples  as  a 
function  of  energy. 


0,00  0,05  0,10  0,15  0,20  0,25  0,30 


E  -  E.  [eV] 


Fig.  4.  Fractional  state  distributions  Dit(E)  related  to 
the  two  cross  sections  for  sample  4. 

Considering  the  partial  Dit(E)  distributions  (Fig. 
4)  connected  with  the  two  groups  we  arrive  at  the 
opposite  conclusion.  In  Fig.  5  we  have  highlighted 
the  energy  window  accessible  in  the  present  study.  It 
is  obvious  that  the  distributions  of  Fig.  4  resemble 
the  distribution  of  the  UM  and  the  PL  group  in  Fig.  5. 
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We  suggest  that  the  larger  cross  section  crnl  is  related 
to  the  ~Si=Si3  defect  (UM  group  of  traps  identical 
with  states  of  the  Pb  center)  which  is  known  from 
EPR  and  CV  measurements  to  show  a  symmetric 
state  distribution  around  midgap  [6,  7]  and  the 
smaller  crn2  to  the  -Si=Si20  defect  (PL  group  of 
traps). 


Fig.  5.  Model  for  fractional  state  contributions  of 
different  interface  defects  [8].  The  parts  of  the  frac¬ 
tional  contributions  which  correspond  to  the  ex¬ 
perimental  results  of  figure  4  are  marked. 

This  assignment  is  further  supported  by  the  de¬ 
tailed  influence  of  the  preparation  conditions  on  the 
Dit  distributions.  For  the  samples  1  and  2  the  contri¬ 
bution  of  the  PL  states  is  such  high  that  it  dominates 
the  spectral  response  also  in  the  investigated  upper 
part  of  the  gap.  Only  the  dispersion  at  lower  fre¬ 
quencies  related  to  crn2  can  be  resolved  for  these 
samples.  For  the  samples  3  and  5  both  dispersion 
regions  have  been  observed  in  the  whole  investi¬ 
gated  energy  range.  Sample  4  show  only  a  small 
contribution  of  the  asymmetric  PL  fraction.  In  fact, 
we  observed  the  dispersion  at  lower  frequencies 
only  in  a  limited  energy  range  of  0.2  eV  at  midgap. 
Summarizing  these  argumentations  the  assignment 
of  the  larger  cross  section  anl  to  be  related  to  the  UM 
group  (Pfa  centers)  and  the  smaller  an2  to  the  PL 
group  of  defect  states  is  the  most  convincing. 

The  remarkable  result  of  decreasing  cross  sec¬ 
tions  towards  the  conduction  band  cannot  be  under¬ 
stood  in  the  kinetic  model  of  capture  process.  Dis¬ 


cussing  non-radiative  transition  probabilities  in  a 
configuration  coordinate  diagram  under  the  as¬ 
sumption  of  strong  electron  phonon  coupling 
(Huang-Rhys  factor  S  »1)  the  decreasing  depth  of 
the  defect  state  leads  to  an  increasing  energy  barrier 
for  the  capture  process.  Thus  the  an(E)  values  de¬ 
crease  towards  the  conduction  band.  This  topic  will 
be  discussed  in  more  detail  in  a  forthcoming  paper. 


6.  CONCLUSIONS 

Two  distinct  types  of  capture  cross  sections  for 
traps  in  the  upper  half  of  the  gap  have  been  deter¬ 
mined  using  modulation  capacitance  voltage  spec¬ 
troscopy.  Investigations  of  different  samples  show 
that  the  magnitude  and  the  energy  dependence  of  the 
cross  sections  are  not  affected  by  material  parame¬ 
ters  and  preparation  conditions.  We  conclude  that  a 
basic  feature  of  defects  at  the  Si/Si02  interface  has 
been  observed.  The  larger  cross  section  can  be  as¬ 
signed  to  the  dangling  bond  defect  -Si=Si3  and  the 
lower  cross  section  to  -Si=Si20. 
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TURN-AROUND  EFFECTS  DURING  DYNAMIC  OPERATION  IN  0.25fim 
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The  hot-carrier  reliability  of  a  0.25pm  CMOS  technology  with  a  5nm-thick  gate-oxide  is  studied  from 
low  (-40°C)  to  high  temperature  (125°C).  Channel  hot-carriers  are  investigated  using  DC  and  AC  experiments 
on  single  transistors  and  on  ring  oscillators.  Turn-around  effects  are  observed  in  the  degradation  of  the  ring 
oscillator  frequency  at  short  times  when  P-MOSFET's  degradation  totally  compensate  the  N-MOSFET’s  current 
reduction.  As  the  electron  trapping  becomes  much  less  efficient  in  thin  gate-oxide  P-MOSFET’s  with  respect  to 
field  enhanced  detrapping,  the  influence  of  the  generated  interface  traps  dominates  leading  to  a  cumulative 
current  reduction  in  both  device  types  at  long  stress  time  which  results  in  a  reduction  of  the  oscillator  frequency. 
The  degradation  behavior  of  the  oscillator  frequency  exhibits  a  clear  dependence  on  the  P-MOSFET  channel- 
width  and  on  temperature  as  negative  bias  temperature  instability  occurs  at  125°C  during  the  high  state  in  P- 
MOSFET’s  and  the  field-assisted  discharge  of  electron  traps  occurs  at  -40°C. 

1.  INTRODUCTION 

The  different  damage  mechanisms  involved  in  the 
hot-carrier  reliability  of  MOSFET’s  have  been 
largely  studied  in  the  literature  [1-3],  but  much 
effort  is  still  required  to  assess  the  interaction 
between  the  different  mechanisms  during  AC 
operations  in  recent  technologies  with  thin  gate- 
oxide  (  <  5nm).  The  degradation  of  circuit 
performances  correlated  to  device  parameter 
variations  is  required  in  order  to  determine  the 
impact  of  the  device  degradation  in  a  realistic  way. 

As  devices  operate  over  a  wide  range  of 
temperature,  it  is  crucial  to  determine  the  effect  of 
temperature  on  the  degradation  because  other 
mechanisms  like  Negative  Bias  Temperature 
Instability  (NBTI),  thermal  emission,  field-enhanced 
charge  detrapping  may  contribute  to  the  resultant 
effect  on  the  transistor  parameters  [4,5]. 

In  this  work,  we  investigate  AC/DC  degradation  in 
single  N-  and  P-MOSFET's  and  in  56-90  stage  ring 
oscillators  from  a  0.25pm  CMOS  technology  with  a 
5nm  gate-oxide  thickness.  The  process  presents 
Medium  Doped  Drain  N-MOSFET’s  and  Lightly 
Doped  Drain  P-MOSFET's  with  n+(p+)  polysilicon 
gates,  twin  retrograde  wells  and  a  Shallow  Trench 
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Isolation.  The  oscillator  frequency  (Fosc)  is  measured 
after  a  256  divider  down  to  a  0.01%  resolution  with 
a  HP5316B.  DC  and  AC  results  are  correlated  to 
analyze  the  degradation  of  circuit  performance. 

2.  EXPERIMENTAL  RESULTS 

2.1  Alternating  degradation  mechanisms 

The  trapping-detrapping  balance  is  studied  (Fig.l) 
during  AC  stresses  performed  with  a  constant  hot 


varying  the  detrapping  period  T^,  for  various  VgDet  and  a 
low  duty-cycle  fixed  at  25%  . 
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Pig. 2:  Drain  current  degradation  during  AC  stresses  in 
wide  and  narrow  PMOSFET’s  (Leff=0.2p.m)  with  VgDct 
as  the  variable  during  the  detrapping  phase  (TDet). 
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Fig.3:  Drain  current  reduction  in  NMOSFET's  for 
the  same  time  sequence  than  in  Fig.2  and  for  two 
VgDet  values  during  the  detrapping  period.  The  case 
inverter  (filled  squares)  is  for  a  50%  duty  cycle 


phase  Thot  and  detrapping  phase  T^,  for  various 
gate-voltages  Vg^  .  During  Thot  periods  in  P- 
MOSFET’s,  Vg  is  chosen  to  yield  the  maximum 
gate-current  (Fig.l)  where  electron  trapping  (ANot-) 
occurs  under  hot  electron  (HE)  injection  (Fig.2). 
Positive  increases  of  transistor  parameters  as  the 
linear  drain  current,  the  transconductance  or  the 
threshold  voltage  are  related  to  ANot-  which  induces 
the  typical  channel  shortening  effect.  AId/Id0  is 
chosen  here  although  same  behaviors  are  observed 
with  other  parameters.  The  increase  in  the  oxide 
field  (Fox)  with  Vg^  enhances  (Fig.2  )  the  electron 
detrapping  which  is  observed  by  a  saturating 
logarithmic  time-dependence  and  a  turn-around  at 
VgDc=  -4V  (Vd=0).  This  turn-around  also  arises 
from  the  contribution  of  the  interface  trap  generation 
(ANit)  when  Vg^  is  high  (T^  period)  where 
negative  charge  can  partly  detrap  [3]  leading  to  a  |Id| 
reduction.  Inverter-like  stressing  on  single  p-devices 
shows  (solid  line  in  Fig.2  with  50%  duty  cycle)  only 
a  current  decrease  (AId/Id0  <0)  which  confirms  the 
effect  of  charge  detrapping  and  ANit.  Similar 
degradation  results  have  been  evidenced  during  pass 
transistor  operation  using  the  charge-pumping 
technique  [6]  due  to  these  counteracting  damage 
mechanisms.  This  turn-around  is  clearly  enhanced  in 
narrow  P-MOSFET's  where  ANot-  is  increased  as 
much  as  the  charge  detrapping  and  ANit  in  the  gate- 
drain  overlap  region.  This  can  be  ascribed  to  the 
large  proportion  of  the  degraded  region  (ANot-  and 
ANit)  with  respect  to  the  active  region  in  narrow 


devices.  During  Thot  in  N-MOSFET’s  (Fig.3),  Vg  is 
chosen  to  yield  the  maximum  substrate  current  (IB) 
where  ANit  occurs  following  a  typical  power-law 
with  a  0.55  time  exponent.  Contrary  to  P-MOSFET's 
(Fig.2),  no  significant  dependence  is  observed  with 
Vg^  because  when  Vd  is  high  and  Vg  pulsed  with 
long  Tpet  period,  no  positive  charge  is  present  and 
we  only  observe  the  influence  of  ANit  [3,5].  A  small 
dependence  on  channel-width  is  seen  (Fig.3)  which 
comes  from  ANit  until  the  overlap  region  as  the 
electron  trapping  (and  detrapping)  does  not  occur 
here  due  to  the  non-favoring  electric-field. 

2.2  Temperature  dependence  of  DC  stresses 

DC  stresses  are  investigated  (Figs.4,5)  at  low 
temperature  (LT),  room  temperature  (RT)  and  high 
temperature  (HT).  In  P-MOSFET's,  the  turn-around 
occurs  at  the  HE  condition  and  is  enhanced  at  -40°C 
and  125°C.  This  shows  competing  interactions 
between  ANit  and  the  trapping-detrapping  balance 
assisted  by  Fox  at  LT  where  the  injected  current  is 
twice  the  one  at  RT.  At  HT  thermal  emission  from 
shallow  oxide  traps  dominates  the  resulting  damage. 
The  turn-around  is  clearly  enhanced  at  -40°C  which 
indicates  that  the  fraction  of  the  detrapped  charge 
increases  suggesting  a  field-assisted  thermal 
discharge  of  electron  traps  [5].  This  is  explained  by 
the  trapping-detrapping  balance  at  relatively  low 
oxide  field  Fox  and  the  resulting  increase  of  the 
influence  of  ANit  with  electron  detrapping  [6]. 
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Fig.4:  Drain  current  degradation  in  PMOSFET's  as  a 
function  of  temperature  for  stressing  time  1000s  (open 
labels)  and  4000s  (filled)  at  the  HE  condition  (Vg  « 
Vd/5)  and  the  HH  condition  (Vg=Vd).  At  each 
temperature,  stressing  and  measurements  are  performed 
at  the  same  temperature. 

Under  hot  hole  (HH)  injection  at  Vg  =  Vd  (Fig.4) 
the  P-MOSFET  degradation  originates  from  the 
increase  in  donor-type  ANit  leading  to  the  |Id| 
reduction.  No  large  difference  is  found  between  RT 
and  HT  results  at  the  HH  condition  in  both  devices 
(Figs.4-5)  indicating  that  ANit  is  not  affected  at  HT. 
NBTI  damage  is  known  to  play  a  significant  role  in 
P-MOSFET  degradation  at  HT  [4].  In  contrast  to 
hot-carrier  damage,  NBTI  damage  typically  arises 
above  100°C  when  Vgs  is  high  causing  significant 
degradation  of  the  transistor  characteristics  at  low 
oxide  field  (Fox  -  l-2MV/cm).  Consequently  NBTI 
damage  in  the  oxide  can  occur  at  the  source  side 
during  a  HH  stress  and  above  the  whole  active 
region  during  the  Vg^  period  during  inverter 
operation  (Figs.  1,2)  [4],  It  is  clear  in  Fig.  4  that 
NBTI  has  no  effect  here  on  the  resultant  HH 
degradation.  NBTI  damage  shows  a  larger  impact 
at  the  high  state  in  P-MOSFET's  during  inverter 
operation  with  an  activation  energy  between  0.35- 
0.45eV.  In  this  latter  case,  the  NBTI  effect  on 
transistor  parameters  is  analogous  to  oxide  hole 
trapping  as  checked  by  the  parallel  shift  in  the 
degraded  subthreshold  drain  current  and  by  charge¬ 
pumping  measurements  (not  shown  here). 


TEMPERATURE  (°Q 


Fig.5  Same  plot  as  in  Fig.4  for  NMOSFET's 
(W/L=  10/0.25 pm)  at  the  voltage  condition  of  each 
damage  mechanism  i.e.  at  the  HE  condition  (Vg  =  Vd),  IB 
(Vg  «  Vd/2)  and  HH  (Vg  *  Vd/5)  and  for  stressing  time 
1000s  (open  labels)  and  4000s  (filled). 


2.3  Degradation  of  circuit  performance 

Ring  oscillators  with  different  number  of  stages 
and  load  capacitances  (Table  1)  are  tested  with  the 
shift  of  the  oscillator  frequency  (AF0SC/F0SC).  Fig.6 
shows  the  Fosc  reduction  (AFOSC/FOSC  <  0)  for  ring  B 
with  large  P-MOSFET’s  where  ANot-  remains 
ineffective  and  where  the  Fosc  change  originates  from 


Table  I :  Description  of  the  ring  oscillators 


L=0.25pm  Wn(pm)  Wp(pm)FanOut  Stage  Nb. 

RING  A 

0.5 

1 

1  56 

RING  B 

5 

10 

5  90 

RING  C 

0.5 

1 

5  90 

the  Id  reduction  in  N-MOSFET's  (Fig.3).  A 
frequency  speed-up  and  down  of  the  ring  oscillator 
has  been  previously  explained  as  caused  by  P- 
MOSFET  drain  current  enhancement  [7].  The  turn¬ 
around  is  observed  when  AF0SC/F0SC  >0  at  the 
beginning  of  the  stress  in  ring  oscillators  only  with 
narrow  P-MOSFET's  (Wp=lpm)  with  different 
capacitive  loads.  This  is  explained  by  the  ANot- 
predominance  (Fig.2)  on  the  charging  current  and  by 
the  consequent  decrease  in  delay  time  observed  in 
the  subsequent  stages  with  narrow  P-MOSFET’s.  As 
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Fig.6  Comparison  of  the  ring  oscillator  frequency  (F^) 
shifts  at  25°C  for  the  three  rings  A,  B  and  C  of  geometry 
ratios  given  in  table  1 

the  time  proceeds  AF0SC/F0SC  becomes  negative 
which  corresponds  to  the  detrapping  effects 
leaving  the  effect  of  donor-type  ANit  in  P- 
MOSFET's.  In  addition,  due  to  the  distinct  time 
dependencies  (power-law  vs,  logarithmic  law  for 
N  and  P-  devices  respectively),  the  three  curves 
tend  to  merge  at  long  stress  time  with 
approximately  the  same  degradation  when  both 
transistor  types  degrade  significantly  (ANit 
dominant),  and  when  the  N-MOSFET  degradation 
finally  dominates  the  degradation.  At  125°C  the  N- 
MOSFET  degradation  is  dominant  in  ring  B 
(Fig.7)  with  AF0SC/F0SC  <0  confirming  that  P- 
MOSFET's  (Wp=10pm)  induce  neither  damage 
compensation  nor  significant  temperature 
influence  in  the  inverter  chain.  This  is  due  to  the 
small  electron  trapping  during  switching  with 
respect  to  ANit  and  charge  detrapping  (VgDet 
phase)  and  to  the  smaller  I-V  sensitivity  to  a  given 
damage  at  HT.  In  contrast  in  ring  C  (Wp=lpm), 
the  turn-around  at  125°C  occurs  at  a  shorter  time 
due  to  the  smaller  effect  of  the  electron  trapping  at 
elevated  temperature  with  respect  to  RT  results 
(Fig.4).  This  reduces  the  time  window  at  which  the 
compensation  occurs.  This  behavior  is  also 
enhanced  by  the  cumulative  contribution  of  NBTI 
damage  on  the  current  reduction  in  P-MOSFET 
during  the  high  state  of  the  input  pulse.  At  -25°C 
the  Fosc  change  exhibits  a  smaller  turn-around 
effect  compared  to  RT  results  as  the  trapping  is 
increased  and  interacts  with  the  field-assisted 


STRESS  TIME  (s) 


Fig.7  Turn-around  in  the  oscillator  frequency  as  a 
function  of  temperature  for  ring  oscillators  B  and  C  (see 
Table  1). 

discharge  of  the  electron  traps  at  low  temperature. 

3.  CONCLUSION 

New  interacting  hot-carrier  damage  mechanisms 
have  been  identified  as  a  function  of  temperature  in 
actual  CMOS  circuits.  These  effects  arise  from  the 
compensation  behaviour  between  P-  and  N- 
MOSFET’s  degradation  found  in  ring  oscillator 
with  narrow  p-devices.  This  is  explained  by  the 
charge  trapping-detrapping  balance  and  interface 
trap  generation  leading  to  turn-around  effects  in  the 
degradation  of  the  oscillator  frequency.  The  turn¬ 
around  effect  is  enhanced  at  low  and  high 
temperature  with  the  detrapping  effects  and  the 
influence  of  NBTI  damage  during  AC  operation. 
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The  results  of  a  study  of  the  proton  generation  reaction  in  Si/Si02/Si  structures  during  forming  gas  (N2,  H2) 
annealing  are  presented.  The  main  objective  of  the  experiment  was  to  determine  the  type  of  the  reaction,  i.e.  to 
ascertain  whether  the  oxide  surface  or  oxide  volume  is  predominant.  We  conclude  that  the  oxide  surface  related 
generation  mechanism  appears  to  be  the  most  important.  At  the  same  time  as  protons  are  generated,  we  observed 
a  change  in  the  top  Si  layer  resistance.  This  may  be  associated  with  the  reaction  with  hydrogen  during  the 
forming  gas  anneal. 


1.  INTRODUCTION 

The  present  work  endevours  to  bring  some  new 
elements  to  the  understanding  of  a  new  type  of  non¬ 
volatile  memory  called  the  proton  memory  [1], 
whose  basis  is  the  use  of  mobile  protons  generated 
in  the  gate  oxide  of  a  classical  Metal-Oxide- 
Semiconductor  Field  Effect  Transistor  (MOSFET). 
This  memory  is  potentially  a  multi-level  system 
which  has  good  stability,  very  low  energy 
consumption  and  very  simple  technological 
fabrication.  For  a  two  level  system  the  states  are 
obtained  by  placing  all  the  protons  either  at  the 
gate/oxide  interface  of  a  MOSFET  (state  OFF  for  an 
n-channel  device,  state  ON  for  a  p-channel  one)  or  at 
the  oxide/substrate  interface  (state  ON  for  an  n- 
channel  device,  state  OFF  for  a  p-channel  one). 
After  their  positioning  the  protons  remain  immobile 
without  the  requirement  of  a  “maintaining” 
polarisation,  thus  resulting  in  very  low  energy 
consumption.  Starting  from  a  classical  MOSFET 
device  process,  in  principle  the  only  necessary 
technological  step  is  a  forming  gas  anneal  (N2,  H2 : 
92,  8)  around  700°C  [2]  to  generate  the  protons. 

The  mechanism  of  proton  creation  due  to 
annealing  is  presently  unknown.  In  this  work  we 
have  carried  out  a  series  of  experiments  designed  to 


increase  our  understanding  of  relevant  parameters 
both  to  help  in  identifying  physically  relevant 
mechanisms  and  to  enable  us  to  lay  down  a  set  of 
technologically  relevant  conditions. 

2.  EXPERIMENT 

For  the  present  experiments  we  used  two  types  of 
commercially  available  silicon  on  insulator  (SOI) 
substrates  manufactured  using  the  Separation  by 
IMplantation  of  OXygen  (SIMOX)  method.  The 
buried  oxide  thicknesses  were  400nm  and  80nm.  In 
both  cases  the  thickness  of  the  top  Si  layer  was 
around  20  nm.  Isolated  Si  islands  ~  0.8mmx2.5mm 
were  defined  in  the  Si  top  layer  using  simple 
photolithography,  then  excess  Si  was  removed  by 
etching  in  XeF2  gas.  Pseudo-MOSFET  [3] 
transistors  were  constructed  by  placing  two  tungsten 
needles  (spacing  ~  1  mm)  as  source  and  drain 
electrodes  on  the  Si  island  and  using  the  Si  substrate 
as  the  gate  electrode. 

2.1.  Oxide  modification 

The  samples  were  annealed  at  700°C  and 
quenched  to  room  temperature  by  rapid  pulling  to 
the  extremity  of  the  furnace  tube.  Anneals  were 
accumulated  in  steps  of  4  minutes.  After  each  anneal 
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the  quantities  of  mobile  and  fixed  H+  ions  were 
estimated  using  electrical  measurements  with  the 
pseudo-MOSFET.  Two  measurements  were  required 
to  determine  the  mobile  H*  density.  First  the  “gate 
(substrate)”  polarisation  was  swept  from  high 
positive  voltage  to  high  negative  voltage  and  the 
source-drain  current  (IDs)  between  the  tungsten 
probes  in  the  top  Si  island  layer  measured,  for  a 
source-drain  voltage  of  0.2V.  Secondly,  the  voltage 
bias  was  swept  in  the  opposite  sense.  To  be  sure  that 
the  proton  population  was  either  all  at  the  gate 
electrode  or  at  the  oxide/island  interface,  extensive 
periods  of  pre-polarisation  were  used  before 
sweeping  the  gate  voltage.  Typically,  for  the  down 
ramp  (sweep  from  positive  voltage  to  negative)  we 
polarised  the  400nm  oxide  pseudo-MOSFET  for 
300s  at  70V.  The  80nm  oxide  pseudo-MOSFET  was 
polarised  at  10  V.  The  source-drain  current,  IDs>  was 
then  measured  at  each  gate  voltage.  Note  that  the 
pre-polarisation  stage  was  undergone  for  each 
subsequent  gate  voltage  data  point  down  to  —  100V 
(for  the  case  of  the  400nm  oxide)  or  -20V  (for  the 
80nm  oxide). 

This  first  measurement  allowed  us  to  determine  a 
threshold  voltage  taking  into  account  the  fixed  and 
mobile  charges  together. 

\ /DOWN  _y  ,y  M) 

VT  V T, mobile  ^  V7\ fixed  W 

For  the  second  ramp  (up)  the  gate  voltage  was 
held  at  -100V  (-10V)  for  300s  for  the  400nm 
(80nm)  samples,  this  voltage  blocked  the  protons  at 
the  gate/oxide  interface.  The  current  Ids  was 
measured  at  the  gate  voltage  change,  as  before,  by 
applying  a  superior  voltage  compared  to  -70V  and 
-10V  depending  on  the  samples.  We  repeated  the 
measurement  mode  for  many  different  voltages  to 
reach  0V.  From  this  sweep,  a  threshold  voltage  only 
depending  upon  the  contribution  of  the  fixed  charges 
was  determined. 


Vup  -  y  j  (2) 

VT  VT, fixed  KJ 

The  quantity  of  mobile  H+  charges  was  then 
calculated  from  the  difference  between  y®0WN  and 

vTUP. 


T, mobile 


yDOWN  _yUP 


(3) 


The  current  IDS  and  the  voltage  applied  on  the  gate 
were  measured  using  a  Keithley  617  electrometer, 
the  voltage  source  was  a  HP  6628A  DC  power 
supply  and  a  HP  900,  series  300  computer  was  used 
to  pilot  the  measuring  instruments. 

2.2.  Silicon  modification 

Since  we  were  interested  in  the  oxide 
modifications  through  the  forming  gas  anneal,  this 
study  lead  us  to  investigate  as  well  changes  in  the  Si 
film.  We  measured  its  resistance  with  the  same  two- 
probe  system  by  applying  a  VDS  voltage  between  the 
source  and  the  drain  and  by  measuring  the  current 
IDS  before  and  after  a  forming  gas  anneal  at  700°C. 

3.  RESULTS 

Figures  1  and  2  show  the  results  of  IDs  versus  gate 
voltage  (VG)  for  down  and  up  sweep  modes  in 
400nm  thick  oxide  samples  annealed  for  different 
times  up  to  56  minutes.  Similar  curves  were 
obtained  for  the  80  nm  thick  oxide  samples  (though 
the  voltage  sweep  range  was  smaller). 


5 
4 
3 

Ids  (x  10'5  A  ) 

2 
1 
0 

-100  -80  -60  -40  -20  0 

Vo(V) 

Figure  1.  Down  sweep  mode  measurement  of  Ids 
(VG)  for  different  anneal  times  (curves  separated  by 
4  minute  increments  starting  at  4min  up  to  36min, 
one  at  46min  and  one  at  56min). 

From  figure  2  we  see  that  for  long  time  anneals 
the  current  IDs  never  goes  to  zero  for  any  value  of 
VG.  This  is  shown  more  clearly  in  Fig.  3  where 
down  sweep  and  up  sweep  curves  of  IDs  are  shown 
for  an  80nm  oxide  sample  annealed  for  a  total  of  36 
minutes.  Included  is  a  curve  for  the  sample  prior  to 
annealing  where  clear  current  cancellation  is 
observed. 
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Figure  2.  Up  sweep  mode  measurement  of  Ids  (Vg) 
for  different  anneal  times  (curves  separated  by  4 
minute  increments  starting  at  4min  up  to  36min,  one 
at  46min  and  one  at  56min). 

4 
3 

Ids  (x  10‘5  A)  2 
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Figure  3.  IDs  (Vg)  curves  for  down  and  up  sweep 
modes,  before  and  after  a  36min  forming  gas  anneal 
at  700°C. 


Vds(V) 


Ids  (  x  104  A) 

Figure  4.  Si  sheet  resistance  evolution  shown  in  VDs 
(IDS)  measurement  before  and  after  a  36min  forming 
gas  anneal  at  700°C. 

The  resistivity  of  the  Si  island  film  was  measured 
for  this  same  sample,  the  voltage  (VDS)/current  (IDs) 
curves  are  shown  in  Fig.  4.  We  see  clearly  that 


extended  annealing  in  an  H2  ambient  results  in  a 
significant  decrease  in  the  inherent  resistivity  of  the 
film. 

4.  DISCUSSION 

From  figures  1,  2  and  the  data  for  the  80nm 
samples  we  calculated  the  quantities  of  mobile  and 
fixed  charges  at  each  step  of  experiment.  We  then 
distinguish  the  two  different  kinetics  associated  to 
the  two  types  of  charges.  Figure  5  shows  the  kinetics 
of  creation  of  fixed  and  mobile  charges  for  the  two 
types  of  samples. 

There  are  several  observations.  First,  it  would 
appear  that  the  density  of  fixed  oxide  charges 
saturates  after  ~  25  minutes  annealing  at  a  value  ~ 
2xl012cm‘2.  This  value  is  independent  of  the  oxide 
thickness  and  suggests  that  it  is  indicative  of  the 
maximum  number  of  interfacial  sites  available 
which  can  trap  protons  to  form  a  pseudo  “fixed 
charge”  state  (we  do  not  yet  know  the  temperature 
stability  of  these  charges).  If  the  rate  of  trapping  of 
protons  at  the  fixed  sites  were  proportional  to  the 
total  number  created  (i.e.  the  volume  of  the  oxide) 
then  we  would  expect  the  400nm  oxide  behaviour  to 
be  more  rapid  than  for  the  80nm,  this  is  not  the  case. 
In  consequence,  it  appears  that  fixed  charge  in  the 
form  of  protons  trapped  near  the  oxide/Si  interface  is 
a  purely  interfacial  effect. 

For  the  mobile  charges  we  observe  no  clear 
saturation  effect  for  anneal  times  up  to  ~  30 
minutes.  Measurement  beyond  this  value  is  not 
possible  for  the  400nm  thick  oxide  because  our 
voltage  source  could  not  go  beyond  -100V  which 
was  necessary  for  such  a  charge  density 
(>3xl012cm*2).  For  the  80nm  samples  there  was  a 
risk  of  oxide  break  down.  The  data  shown  in  Fig.5 
for  400nm  samples  annealed  8  days  after  fabrication 
and  80nm  samples  annealed  26  days  after  fabrication 
do  show  different  mobile  charge  creation  kinetics.  If 
we  examine  the  mobile  charge  creation  after  10 
minutes  of  annealing  we  observe  p(400nm)/p(80nm) 
=  10,  this  is  a  factor  of  two  larger  than  the  volume 
ratios.  For  20min  anneals,  p(400nm)/p(80nm)  =  3, 
now  smaller  than  the  oxide  volume  ratios.  Neither  of 
these  results  enable  us  to  distinguish  clearly  if  the 
mobile  proton  generation  is  a  volume  or  a  surface 
effect.  However,  since  proton  generation  involves 
the  release  of  an  electron  and  the  capture  of  a  proton, 
probably  at  an  Si-O-Si  bonded  oxygen2,  it  is  unlikely 
that  the  oxide  volume  is  involved.  There  would  be 
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no  escape  mechanism  for  the  electron  and  proton- 
electron  recombination  would  occur.  Therefore,  we 
argue  that  proton  generation  results  from 
surface/interface  mediated  reactions. 

Finally,  the  data  presented  in  Fig.5  do  give 
evidence  for  a  sample  age  effect  in  proton 
generation  efficiency.  We  observe  that  proton 
generation  in  samples  annealed  26  days  after 
fabrication  is  significantly  less  efficient  than 
samples  annealed  8  days  after  fabrication.  This  can 
be  criticised  since  the  oxide  thickness  differed  in  the 
two  samples.  However,  we  have  performed  less 
extensive  measurements  (fixed  anneal  time)  on 
400nm  SIMOX  samples  and  these  clearly  show 
reduced  mobile  proton  generation  in  samples  left 
extended  times  after  preparation,  before  annealing. 

12  2 

Fixed  and  mobile  charges  x  10  /cm 


Figure  5.  Density  of  fixed  and  mobile  charges  versus 
anneal  time  for  400nm  and  80nm  thick  oxide 
samples  in  the  4min  step  anneal  experiments. 

Figures  1  and  2  also  show  an  unexpected 
phenomenon,  the  non-cancellation  of  the  current  Ids 
at  any  applied  gate  voltage  at  the  same  time  as  an 
increase  of  its  minimum  residual  level.  Furthermore, 
whereas  the  pseudo-MOSFET  should  be  always 
controlled  by  the  applied  gate  voltage  [3],  we  see 
that  after  about  30  min  of  anneal  the  current  Ids  is  no 
longer  modulated  by  the  gate  voltage.  It  seems  that  a 
leakage  current  superposes  on  the  normal  behaviour 
of  a  pseudo-MOSFET  and  becomes  preponderant. 

No  leakage  current  was  noticed  through  the  oxide 
and  anneals  carried  out  for  various  times  under 
vacuum  at  700°C  eliminated  the  idea  that  the 
temperature  alone  could  be  at  the  origin  of  a 
modification  of  the  Si  film  properties.  Consequently, 
we  conclude  that  the  residual  current  level  is  due  to 
H2  annealing  induced  increased  conductivity  in  the 


Si  island  film,  this  is  confirmed  by  the  resistance 
data  presented  in  Fig.  4.  Such  an  effect  has  been 
observed  previously  [4].  These  observations  are  still 
under  investigation. 

5.  CONCLUSION 

The  question  of  volume  or  surface  origin  in 
proton  creation  has  been  investigated  in  this  work. 
By  using  two  different  oxide  thicknesses  in  the 
pseudo-MOSFET s  in  the  experiment,  we  have 
obtained  some  evidence  that  proton  creation  is  not  a 
volume  phenomenon  but  rather  a  reaction  taking 
place  at  the  oxide/silicon  interfaces. 

Two  reaction  kinetics  have  been  observed,  the 
first  associated  with  fixed  charge  creation,  which 
saturates  after  30min  anneal  at  700°C  in  forming 
gas.  The  second,  relevant  to  mobile  proton  creation, 
has  no  observed  saturation  in  our  experiments. 

Comparison  of  the  proton  generation  kinetics  has 
enabled  us  to  demonstrate  the  importance  of  the 
oxide  surface.  We  have  shown  that  the  “age”  of  the 
sample,  prepared  prior  to  N2H2  annealing  is 
extremely  important  in  mobile  charge  generation. 
The  larger  the  time  lapse,  the  less  efficient  the 
proton  creation.  Note  that  this  time  lapse  does  not 
seem  to  affect  fixed  charge  creation.  The  former 
result  is  symptomatic  of  the  surface  becomes  less 
active  with  time,  presumably  due  to  pollution. 
Further  experiments  are  necessary  to  elucidate  this. 

Finally,  a  secondary  effect  has  been  detected, 
annealing  induced  modification  of  the  Si  film 
resistivity.  Forming  gas  annealing  appears  to  result 
in  a  decrease  of  the  sheet  resistance,  presumably  due 
to  solution  of  H/H2  in  the  Si.  This  result  also 
requires  further  investigation. 
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We  present  an  alternative  explanation  for  the  soft  (SBD)  and  hard  (HBD)  breakdown  conduction 
modes  in  ultrathin  gate  oxides  based  on  the  physics  of  mesoscopic  conductors.  It  is  shown  that  the 
T.anHanor  approach  applied  to  this  system  not  only  gives  the  observed  HBD  conductance  values, 
which  are  those  expected  for  a  ballistic  constriction  in  the  linear  and  nonlinear  regimes,  but  also  a 


plausible  mechanism  for  the  SBD  conduction. 

1.  INTRODUCTION 

It  has  been  long  recognized  that  the 
breakdown  of  a  gate  oxide  in  a  MOS  structure 
consists  in  the  formation  of  a  low-resistance 
conduction  path  running  between  the 
electrodes.  But,  what  else  is  beyond  this 
widely  invoked  assertion?  Has  the  highly  local 
nature  of  this  event  any  implication  in  the 
charge  transport  characteristics?.  In  this 
regard,  we  have  recently  shown  that  the  I-V 
characteristic  of  a  broken  down  (HBD)  oxide 
can  be  understood  in  terms  of  the  point 
contact  conduction  theory  [1].  In  addition, 
other  failure  mechanisms  such  as  Stress 
Induced  Leakage  Current  (SILC)  and  soft 
breakdown  (SBD)  have  been  experimentally 
found  in  these  oxides.  In  this  paper,  we 
propose  a  common  framework  for  SBD  and 
HBD  in  which  the  electron  confinement  within 
the  breakdown  conduction  path  plays  a 
fundamental  role.  Theoretical  considerations 
are  based  on  the  linear  and  nonlinear 
Landauer  approaches  to  electrical  transport  in 
narrow  constrictions  [2,3]. 

2.  EXPERIMENTAL  AND  DISCUSSION 

The  devices  used  in  this  study  are  n+ 
polysilicon-gate  MOS  capacitors  fabricated  on 


N-  and  P-type  (100)  Si  substrates  with  oxide 
thickness  in  the  range  3-5  nm  and  areas  of 
about  10'5-10'4  cm2.  Fig.l  shows  the  typical 
failure  modes  of  an  ultrathin  gate  oxide. 


V[V] 


Figure  1.  Typical  stages  in  the  I-V  characteristic  as 
the  degradation  proceeds. 

Several  points  must  be  highlighted:  i)  SILC 
increases  continuously  during  stress  and  it 
has  been  usually  ascribed  to  trap  assisted 
tunneling  uniformly  distributed  over  the 
capacitor  area;  ii)  SBD  corresponds  to  an 
abrupt  change  in  the  conduction  mechanism 
which  exhibits  many  striking  features:  as 
shown  in  Fig.  2,  it  is  essentially  independent 
of  the  device  area  (local  area  phenomenon) 
and  oxide  thickness  (localized  blocking 
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mechanism).  Besides,  it  does  not  depend  on 
the  sign  of  the  applied  voltage  (symmetrical 
conduction  structure)  -see  Fig.3-;  iii)  HBD  is 
also  associated  with  a  sudden  and  dramatic 
local  change  in  the  conduction  mechanism. 


l),  e  and  h  being  the  electron  charge  and  the 
Planck's  constant  respectively.  This  can  be 
recognized  as  the  signature  of  point  contact 
conduction  [4]. 


VM 


Figure  2.  Fresh  and  SBD  I-V  characteristics 
measured  on  oxides  with  different  thickness  and 
gate  area. 


VM 


Figure  3.  Effect  of  the  bias  sign  on  the  SBD  I-V 
characteristic. 

Electrical  and  optical  experiments  not  only 
reveal  that  several  SBD  but  also  HBD  spots 
can  be  induced  on  the  same  sample  by  a  high- 
field  stressing  -see  Fig.4-.  For  the  latter  mode, 
the  differential  conductances  as  a  function  of 
the  applied  bias  (measured  after  the  detection 
of  each  resistance  jump)  -see  Fig. 5-  exhibit 
ohmic-type  plateaus  of  the  order  of  the 
quantum  conductance  unit  G0-2e2  !h  («13  k CT 


Figure  4.  Steplike  behavior  of  the  HBD  resistance 
(V/I)  as  a  function  of  the  applied  voltage. 


t  =3  nm  N  type  A=6.4  10-5  cm2 


V[V] 


Figura  5.  Ohmic-type  plateaus  in  the  HBD 
conductance  (dl/dV)  characteristics. 

At  the  lowest  voltages  the  curves  are 
affected  by  the  silicon  band  bending  while  the 
steep  current  increase  for  Vapp>4V  is  due  to 
Fowler-Nordheim  (FN)  tunneling  through  the 
non-damaged  capacitor  area.  It  is  worth 
mentioning  that  in  a  previous  work  [1],  we 
ascribed  this  steep  current  increase  to  the 
appearance  of  a  valence  band  to  conduction 
band  current  component.  Each  one  of  the 
curves  shown  in  Fig.  5  correspond  to  the 
overlap  of  the  currents  associated  with  the 
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open  spots  up  to  the  moment  of  the 
measurement  and  not  to  individual 
characteristics.  This  is  a  distinctive  feature  of 
the  system  under  study  which  is  different  from 
other  point  contact  systems  such  as  those 
based  on  split-gate  devices,  STM  or 
mechanically  controllable  break-junctions  [4- 
6].  In  these  cases,  the  current  through  a  single 
constriction  is  always  analyzed  and,  generally, 
conclusions  are  drawn  from  statistical  data 
ensembles.  When  the  difference  between 
successive  curves  in  Fig.  5  is  considered, 
conductance  plateaus  of  approximately  1 G0, 
2 G0  and  3 G0  are  obtained.  As  will  be  discussed 
below,  these  are  the  values  expected  for  a 
ballistic  constriction  in  the  quantum  approach. 


Figure  6.  Conduction  path  and  idealized  electrical 
potential  profile  between  the  electrodes. 

Figure  6  represents  an  oversimplified 
version  of  the  HBD  and  SBD  conduction 
paths.  If  ballistic  transport  is  assumed  within 
the  constriction,  the  electrical  potential  largely 
drops  at  the  interfaces  due  to  mode 
mismatching  effects  [2,7,8].  Now  consider,  also 
for  simplicity,  that  the  geometry  of  the  lateral 
confining  potential  is  cylindrical.  As  in  an 
infinite  quantum  well,  the  splitting  between 
transverse  electron  levels  depends,  crudely 
speaking,  on  the  inverse  of  the  constriction 
area.  Those  discrete  states  below  the  energy  of 
the  injected  electrons  behave  as  transmitting 
|  channels,  but  those  above  the  electron  energy 
act  as  backscattering  channels.  If  the  cross- 
section  of  the  constriction  is  very  small  we  can 
have  no  high-transmission  channels  and 
conduction  can  only  be  due  to  tunneling. 
Theoretical  analysis  reveals  that  the 


narrowest  part  of  the  constriction  can  behave 
as  an  effective  one-dimensional  tunneling 
barrier  as  schematically  depicted  in  Fig.6.  This 
is  totally  consistent  with  the  SBD 
experimental  features  described  earlier. 
Furthermore,  this  mechanism  has  been 
thoroughly  studied  in  nanowires  by  means  of 
molecular  dynamics  simulations  [6]  and  in 
quantum  point  contacts  by  solving 
Schrodinger's  equation  in  nonuniform 
constrictions  [9].  It  is  worth  emphasizing  that 
this  tunneling  barrier  has  nothing  to  do  with 
previous  approaches  based  on  direct  tunneling 
calculations  through  thinned  down  Si02 
barriers.  In  this  regard,  some  of  the  fitting 
values  considered  for  the  cathode  barrier 
height  (6.2  eV  [10],  4.2  eV  [11])  were  found  to 
be  unrealistic  to  be  related  to  a  conduction 
band  offset  between  Si  and  Si02.  Perhaps  they 
might  be  better  understood  in  terms  of  a  cross- 
section  related  energy  barrier. 

We  want  to  remark  that  our  approach  is 
radically  different  from  those  intended  before. 
We  are  considering  the  transport  properties  of 
an  atomic-sized  conducting  chain  across  the 
insulator.  Similar  configurations  were 
demonstrated  to  have  its  conductance 
quantized,  the  number  of  atoms  (defects) 
contacting  the  electrodes  and  its  structural 
arrangement  being  the  main  factors  governing 
the  conductance.  The  phenomenon  has  also 
been  detected  both  at  room  temperature  and 
high  applied  bias  [12].  In  this  framework,  the 
SBD  mode  appears  as  a  particular  case  of  the 
theory  linked  to  the  lateral  size  of 
confinement.  As  mentioned  in  the 
Introduction,  this  approach  is  fairly  supported 
by  the  Landauer's  conductance  formula: 

G  =  (2e2/h)Tr(t+t)  (1) 

where  Tr  is  the  trace  and  t  the  transmission 
probability  matrix.  For  ballistic  conduction 
((ftJi-dij)  the  conductance  of  the  system  reads 

G  =  (2  e2/h)N  (2) 

with  N  the  number  of  available  conduction 
channels.  If  this  number  is  large  enough,  the 
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latter  expression  reduces  to  the  Sharvin’s 
conductance  formula  corresponding  to  a 
classical  point  contact.  Eqn.  (2)  can  be  further 
developed  to  account  for  the  nonlinear 
transport  regime  [13]: 

G  =  (2e2//j){/W[-»]  +  (1  -  (3) 


Conductance  [2e2/h] 

Figure  7.  Histogram  of  conductance  values 
(normalized  to  G0=2e2/h )  corresponding  to  single 
breakdown  spots. 

where  p  is  a  parameter  between  0  and  1 
describing  the  fraction  of  the  applied  voltage 
that  drops  on  the  connection  between  the 
cathode  and  the  constriction.  If  we  consider  a 
symmetrical  constriction  then  P=1/^.  N[-»]  and 
N[<-]  are  the  number  of  available  right-  and 
left-going  transverse  conduction  modes 
respectively.  If  the  difference  between  these 
numbers  is  an  odd  number,  Eqn.  (3)  predicts 
that  half  plateaus  will  appear  at  the  values  of 
the  half-integer  multiples  of  G0.  This  can 
explain  the  distribution  of  conductance  data 
shown  in  Fig. 7.  These  values  were  obtained 
from  measurements  similar  to  those  shown  in 
Fig.  5  after  subtracting  successive  curves.  We 
have  detected  up  to  fifteen  HBD  events  in  the 
same  sample  (more  than  fifty  samples)  but  we 
have  only  considered  for  the  histogram  in  Fig. 
7  those  curves  exhibiting  clear  conductance 
plateaus.  Nevertheless,  it  is  worth  pointing 
out  that  the  large  contribution  of  half  integer 


conductance  plateaus  might  be  also  associated 
with  preferred  atomic  configurations  within 
the  constrictions  (some  authors  have  claimed 
that  the  conductance  per  atom  is  of  the  order 
of  G0/2  [14]). 

3.  CONCLUSION 

The  electrical  transport  through  quantum 
constrictions  has  been  extensively  investigated 
in  the  last  decade.  However,  the  concepts 
involved  have  never  been  applied  to  a  broken 
down  oxide  in  a  MOS  structure.  In  this  work, 
we  presented  experimental  results  compatible 
with  the  predictions  of  the  point  contact 
conduction  theory.  We  have  also  suggested,  for 
the  first  time,  a  new  mechanism  for  the  SBD 
conduction  consistent  with  this  theoretical 
framework. 

This  work  was  supported  by  the  Com.  Interministerial  de 
Ciencia  y  Tecnologia  under  project  PB9-1162. 
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Having  conducted  semiempirical  quantum-chemical  simulation  (MINDO/3)  of  several  clusters  at  different 
charge  states,  we  identify  that  the  two-fold  coordinated  nitrogen  atom  with  an  un-paired  electron  (=Si2N«)  is 
the  most  responsible  trap  center  for  the  observation  of  large  electronic  capturing  in  SiOxNy.  Our  calculations 
also  show  that  electron  localized  in  this  defect  will  result  in  spin  dissipation.  Trap  formation  and  removal 
mechanisms  during  nitridation  and  re-oxidation  are  also  discussed  in  this  work. 


1.  INTRODUCTION 

The  properties  of  gate  dielectric  determine  the 
reability  of  metal-oxide-semiconductor  (MOS) 
devices.  It  was  suggested  that  the  conventional 
silicon  dioxide  gate  dielectric  should  be  replaced  by 
silicon  oxynitride  (SiOxNy)  in  the  future  nanoscale 
MOSFET  to  minimize  the  hole  and  electron 
trapping  on  Si-Si  defects  at  the  Si/Si02  interface.  It 
was  demonstrated  that  the  Si-Si  defects  could  be 
removed  effectively  by  high-temperature  annealing 
of  thermal  Si02  in  ammonia.  This  process  can  be 
described  as  follow  [1]: 

3  =Si-Si=  +  2  N  -»  2=Si3N  (1) 

The  symbols  =  and  =  in  (1)  represent  one  single 
bond,  two  single  bonds,  and  three  single  bonds, 
respectively.  With  oxynitride  as  the  gate  dielectric, 
hole  trapping  was  reduced  considerably.  However, 
large  amount  of  electron  traps  are  still  found  in 
oxynitride  and  degradation  of  MOSFET  due  to  the 
capturing  of  hot  channel  electrons  is  often  reported. 
In  present  paper  we  show,  using  semiempirical 
quantum-chemical  method  MINDO/3,  that  the  two¬ 
fold  coordinated  nitrogen  atom  with  unpaired 
electron  sSi2N®  is  the  trap  responsible  for  the 
capturing  of  electrons  in  ammonia-nitrided  SiOxNy. 
Here  •  denotes  the  one  unpaired  electron. 


MINDO/3  had  been  shown  to  be  a  powerful  and 
informative  method  for  simulating  electronic 
structure  and  bulk  defect  in  solid  [2-3]. 


2.  SIMULATION  RESULTS 

In  this  work,  we  used  the  cluster 
approximation  to  study  the  electronic  structure  of 
several  different  clusters  in  silicon  oxynitride. 
Atomic  relaxation  in  different  charge  states  of 
defect  was  considered  in  the  simulation.  To 
simulate  the  effect  of  chemical  composition  on  the 
capturing  properties  of  the  =Si2N*  defect  in  silicon 
oxynitride,  clusters  with  different  numbers  of 
oxygen  and  nitrogen  atoms,  i.e.  *NSi2(N6)SiHi2, 
•NSi2(N402)SiHio,  and  •NSizCO^He,  in  the  second 
coordination  sphere  were  considered.  For 
simulation  of  the  Si3N4bulk  electronic  structure  we 
used  the  Si20N28H36  cluster.  The  atomic  structures  of 
these  clusters  are  shown  in  Fig.l.  MINDO/3 
parameters  used  in  this  work  are  same  as  those  used 
in  Ref.  [3-4]  which  are  aSjN  =  1.053011  and  pSiN  = 
0.434749. 

Simulation  of  the  neutral  =Si2N*  defect  shows 
that  unpaired  electron  is  localized  for  all  considered 
clusters  in  the  N  2p*  nitrogen  non-bonding  orbital 
which  is  oriented  normally  to  the  Si2N  plane.  This 
result  agrees  with  the  previous  theoretical 
simulation  of  this  defect  in  silicon  nitride  [5].  As 
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obtained  in  ref.  [6]  for  the  =Si2N«  defect  in  Si3N4, 
the  wave  function  of  the  unpaired  electron  consists 
from  90%  of  p-type  and  10%  of  s-type  atomic 
functions.  Similar  result  was  also  obtained  from  the 
analysis  of  ESR  signal  hyperfme  splitting  in  SiOxNy 
[7].  Our  calculations  show  that  the  distribution  of 
the  unpaired  electron  in  the  defect  nitrogen  atom  are 
96%  and  4%  for  p-type  and  s-type  wave  function, 
respectively.  The  difference  between  experimental 
and  simulation  result  may  be  due  to  the  small 
cluster  being  used  in  the  simulation. 


Fig.  1.  Clusters  used  in  simulating  the  defect 
capturing  properties  of  (a)  Si20N28H36,  (b) 

•NSi2(N6)SiH12,  (c)  .NSi^O^SiHjo,  and  (d) 
•NSi2(06)H6. 


It  was  found  experimentally  that  cross-section 
for  the  capture  of  electron  (a)  in  SiOxNy  is  about 
10'17  cm2.  This  value  corresponds  to  an  effective 
capture  radius  of  the  trap  r  -  In  ~  0.2  A.  This 
value  reflects  the  highly  localized  character  of  the 
non-bonding  N  2p*  wave  function  and  supports  our 
simulation  results. 

We  also  estimated  the  energy  gain  for  the 
electron  or  hole  capturing  in  the  s=Si2N«  defect  by 
calculation  of  the  differences  between  the  total 
energies  of  clusters  in  different  charge  states.  Figure 
2  shows  the  calculated  energy  diagram  for  =Si2N* 
and  =SiO»  defects  in  oxynitride.  Similar  defects  in 
oxide  and  nitride  are  also  shown  for  comparison. 
The  obtained  values  of  the  energy  gain  for  the 
capture  of  electron  from  the  bottom  of  the 
conduction  band  (Ec)  is  about  1 .0  eV.  That  is  the 
thermal  delocalization  electron  trap  energy  is  about 
1.0  eV.  However,  the  capture  of  hole  from  the  top 
of  the  valence  band  (Ev)  is  energetically 
unfavorable.  In  addition,  simulation  results  also 
show  that  the  electron  trap  energy  is  almost 
independent  on  the  cluster  chemical  composition. 
The  energy  gain  results  indicated  that  the  =Si2N* 
defect  in  silicon  nitride  and  oxynitride  with  high 
concentration  of  nitrogen  cannot  capture  a  hole  but 
an  electron.  The  captured  electron  is  localized  in  the 
N  2prt  non-bonding  orbital  of  the  =Si2N«  defect  (see 
Fig-3). 


Fig.  2.  Calculated  energy  diagram  for  the  major 
defects  in  oxynitride.  Similar  defects  in  oxide  and 
nitride  are  also  shown  for  comparison. 
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Fig.  3.  Model  of  three-fold  coordinated  nitrogen 
atom  as  an  electron  trap  in  silicon  nitride  and 
oxynitride  (a)  capture  of  electron,  and  (b)  capture 
of  hole. 


Si3N4  and  SiOxNy  are  described  by  the  following 
reactions: 


=Si2N*  +  e  — >  =Si2N: 


=Si2N:  +h  -»  =Si2N« 


(2) 


Electron  localization  results  in  the  transfer  of 
paramagnetic  defect  =Si2N*  to  diamagnetic  defect 
=Si2N:.  The  corresponding  model  is  picturized  in 
Fig.3.  Our  simulation  predicts  the  electron 
paramagnetic  signal  dissipation  at  the  electron 
capture  by  three-coordinated  nitrogen  atom,  which 
was  observed  experimentally  in  nitrided  oxide  [7]. 

It  has  been  confirmed  that  the  =Si2N«  is  the 
major  defect  in  SiOxNy.  The  =Si2N*  defect  creation 
in  SiOxNy  could  be  resulted  from  the  breaking  of 
the  Si2N-H  bond  according  to  the  following  reaction 


=Si2NH  -»  s=Si2N«  +  H  (3) 


Another  mechanism  for  the  creation  of  =Si2N» 
defect  is  the  breaking  of  N-N  bond  with  the 
following  reaction 

=Si2N-NSi2=  -»  =Si2N*  +  »NSi^  (4) 

The  =Si2N*  defect  can  be  removed  by  re¬ 
oxidation  of  gate  oxynitride,  i.e. 

=Si2N«  +  O  -»  =Si-0-Si=  +  N  (5) 

Since  the  nitrogen  atom  and  the  nitrogen  defect 
N«  have  the  same  coordination  number,  this 
replacement  can  occur  without  other  atom  re¬ 
arrangement  (see  Fig.  4). 


Fig.  4.  Illustration  of  sSi2N»  centers  in  oxynitride 
and  the  removal  of  electron  traps  during  re¬ 
oxidation  of  oxynitride  in  MOSFET. 


3.  DISCUSSION 

According  to  the  obtained  results,  the  capture 
(localization)  and  following  decapture 
(delocalization)  of  electron  on  the  =Si2N»  defect  in 


4.  CONCLUSION 

The  electronic  structure  of  two-fold  coordinated 
N  atom  (=Si2N«)  in  different  charge  states  in 
SiOxNy  was  simulated  and  the  results  indicate  that 
this  defect  is  an  electron  trap.  This  observation 
agrees  with  the  experimental  results  [7],  In  addition, 
our  results  also  agree  with  Powell  and  Robertson 
[8]  that  the  negatively  charged  nitrogen  defect 
=Si2N:  can  be  a  hole  trap.  We  also  rule  out  the 
possibility  that  the  neutral  =Si2N»  defect  may  also 
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act  as  a  hole  trap  in  Si3N4  which  was  proposed  by 
Kirk  [9].  On  the  other  hand,  simulation  results  also 
suggest  that  the  electron  localization  by  the  =Si2N» 
defect  will  result  in  spin  dissipation.  This  effect  was 
experimentally  observed  earlier  [10].  Based  on  the 
simulation  results,  the  nature  of  electron  traps 
removal  during  gate  oxynitride  reoxidation  is  also 
discussed  in  this  work. 
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The  density  of  charge  associated  with  the  silicon-oxide  structure  remains  a  figure  of  merit  for  the 
process  as  well  as  an  indicator  of  the  eventual  MOS  device  performance.  As  the  effective  oxide  thickness  drops 
below  2  nm  significant  currents  limit  the  effectiveness  of  oxide  charge  determination  from  C-V  measurements. 
One  potential  solution  is  the  SPV-based  SCP  (Surface  Charge  Profiler)  method  which  allows  measurement  of 
total  oxide/interfacial  charge  without  making  a  contact  to  the  oxide.  In  this  paper  the  effectiveness  of  the  SCP  in 
measuring  charges  in  ultra-thin  thermal  Si02  and  conductive  Ta^  films  is  evaluated. 


1.  INTRODUCTION 

The  density  of  charge  associated  with  the 
silicon-oxide  structure  is  an  indicator  of  the  quality 
of  the  fabrication  process  as  well  as  a  predictor  of 
the  characteristics  of  a  MOSFET.  Hence,  the 
measurement  of  oxide  and  interface  charges  in 
silicon-oxide  structures  is  a  very  common  procedure 
in  process  monitoring  and  diagnostics.  Typically, 
the  density  of  charge  is  deconvoluted  from  C-V 
measurements  which  are  implemented  using  either  a 
permanent  contact  to  the  oxide  surface  (e.g.  poly  Si 
or  Al),  a  temporary  solid  contact  (e.g.  Hg  probe),  or 
a  “charge  contact”  enforced  by  corona  discharge.  In 
each  case  due  to  the  potential  difference  across  the 
oxide  an  electric  field  is  established.  In  the  case  of 
“conductive”  oxides,  such  as  ultra-thin  Si02 
allowing  tunneling  current,  or  new  generation  high- 
k  oxides  which  may  feature  substantial  leakage 
current,  the  determination  of  the  oxide  charge  from 
C-V  measurements  under  those  circumstances  is  not 
effective. 

Free  from  these  limitations  is  the  method  of 
Surface  Charge  Profiling  (SCP)  which  allows 
measurement  of  the  charge  density  without  any  bias, 
and  hence,  without  any  current  flow  across  the 
oxide.  Therefore,  measurement  of  charge  density  in 
the  oxide  is  possible  regardless  of  its  conductivity 
which  offers  new  possibilities  in  process 
development  and  diagnostics.  The  performance  of 
the  SCP  method  in  monitoring  charge  on  Si  surfaces 


subjected  to  various  treatments  was  evaluated  earlier 
[1].  The  goal  of  this  experiment  was  to  study  the 
usefulness  of  the  SCP  method  in  monitoring  charge 
density  in  oxides  which  by  virtue  of  being  too 
conductive  do  not  allow  effective  determination  of 
the  oxide  charge  using  the  conventional  C-V 
method. 

Two  different  aspects  of  this  experiment 
include:  (i)  non-contact  monitoring  of  charge 

associated  with  thermally  grown  ultra-thin  Si02  on 
Si  substrates  and  (ii)  measurements  of  charge 
density  in  Ta^  on  Si  as  a  function  of  deposition 
process  conditions  and  interface  characteristics.  In 
the  former  case  significant  tunnel  currents 
preventing  C-V  measurements  may  flow  at  very  low 
voltages,  e.g.  for  a  2.7  nm  thick  oxide  a  current 
density  of  1  A/cm2  is  reached  at  1.5  volts  [2].  In  the 
case  of  14  nm  PECVD  Ta^  the  same  level  of 
leakage  current  may  be  reached  at  3  volts  [3]. 
Therefore,  in  both  cases  a  thorough  C-V  analysis 
needed  to  derive  values  of  oxide  charge  may  not  be 
practical.  A  premise  upon  which  this  experiment 
was  initiated  was  that  with  SCP  method 
measurement  of  surface/oxide  charge  density  is 
possible  down  to  bare  Si  surfaces,  and  hence,  the 
SCP  method  should  allow  monitoring  of  surface 
charge  evolution  during  the  early  stages  of  thermal 
oxidation  of  silicon. 
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2.  EXPERIMENTAL  PROCEDURES 

The  SCP  is  a  non-contact  method  in  which 
the  silicon  surface  is  illuminated  by  a  collimated 
beam  of  chopped  blue  light.  The  acquisition  of  the 
resulting  ac-SPV  signal  is  accomplished  by  means 
of  capacitive  coupling  through  an  air  gap  (Fig.  1). 
The  method  measures  width  of  the  surface  depletion 
region  (Wd)  and  surface  recombination  lifetime. 
Since  under  depletion  conditions  the  surface  charge, 
Qs,  is  balanced  by  the  depletion  layer  charge  the 
surface  charge  can  be  determined  as  Qs=NscWd 
where  Nk  represents  the  known  dopant 
concentration  in  the  space  charge  region.  This 
charge  represents  the  total  charge  in  equilibrium 
with  the  depletion  layer,  and  hence,  includes  the 
total  oxide  and  surface  state  charges.  The  surface 
carrier  lifetime  is  measured  from  the  phase  delay  of 
the  SPV  signal  and  is  thought  to  represent  surface 
recombination  velocity.  The  principles  of  SCP 
measurement  are  presented  in  detail  elsewhere 
[4,5]. 

The  measurements  in  this  study  were 
carried  out  on  thermally  grown  Si02  and  Ta^ 
reactively  sputtered  on  silicon  substrate.  Additional 
measurements  were  carried  out  on  CVD  deposited 
Ta205  films.  In  the  case  of  Si02  oxidations  in  dry 
oxygen  at  various  temperatures  were  performed  to 
study  oxide  charge  evolution  during  the  early  stage 
of  thermal  oxidation  of  silicon  as  well  as  to  fabricate 
Al-gate  MOS  capacitors  for  C-V  characterization. 
Similarly,  measurements  of  Ta^  involved  non- 
contact  SCP  measurements  as  well  as  C-V 
measurements  of  Al-gate  MOS  capacitors. 


3.  RESULTS  AND  DISCUSSION 


l— I . ;  ■  ■ . 


Figure  1 .  SCP  schematic. 


3.1.  Si02  Monitoring 

During  the  initial  stage  of  this  experiment 
the  correlation  between  charge  densities  determined 
from  C-V  measurements  and  SCP  measurements 
was  investigated.  In  the  former  case  density  of 
effective  charge  was  determined  from  the  measured 
Vpg  value  for  an  assumed  Al-Si  work  function 
difference  and  the  known  oxide  thickness.  Changes 
in  charge  density  were  enforced  by  post-oxidation 
anneals  in  nitrogen  of  as-grown  oxides  which  are 
known  to  affect  the  density  of  oxide  fixed  charge 
[6].  This  experiment  did  not  yield  conclusive  results. 
Both  C-V  and  SCP  measurements  resulted  in  oxide 
charge  densities  which  were  decreasing  slightly  with 
the  time  of  the  anneal,  but  the  decrease  was  not 
enough  to  determine  a  consistent  correlation 
between  these  parameters.  The  reason  for  this  weak 
response  may  be  that  the  temperature  (900  °C)  of  the 
anneal  was  insufficient  to  enforce  the  desired 
changes. 

In  subsequent  experiments  in  this  study  the 
attention  was  focused  on  measurement  of  oxide 
charges  using  the  SCP  method.  Figure  2  shows 
evolution  of  the  surface  charge  during  the  early 
stage  of  thermal  oxidation  of  p-type  silicon  surfaces. 
As  seen,  the  density  of  surface  charge  immediately 
drops  to  half  its  value  after  cleaning  with  only  a 
push  into  the  furnace  and  remains  at  this  new  value 
with  increasing  time  of  oxidation.  These  data 
indicate  a  reduction  of  the  positive  surface  charge 
taking  place  during  initiation  of  the  oxidation.  It 
should  be  pointed  out  that  these  changes  could  be 


Clean 

Ox.  Time  [min.] 

Figure  2.  Surface  charge  as  a  function  of  oxidation 
time. 
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detected  only  for  Si  wafers  with  a  doping  level  high 
enough  to  prevent  inversion  of  the  surface  by  the 
surface  charge. 

In  an  attempt  to  determine  the  location  of 
the  charge  centroid  in  the  oxide  an  etch  back 
experiment  was  carried  out.  In  this  experiment  a  4 
nm  oxide  was  etched  in  steps  in  HF(1)  :  H2O(100) 
solution  and  oxide  charge  density  was  measured 
using  SCP  following  each  etching  step.  As  shown  in 
Fig.  3a  the  surface  charge  initially  changes  only 
slightly  with  decreasing  thickness  of  the  oxide  but  at 
2  nm  begins  to  increase  steadily  and  becomes  equal 
to  -2E+12  q/cm2  for  a  hydrophobic,  oxide  free 
surface.  This  indicates  that  the  charge  added  during 
oxidation  is  contained  within  approximately  2  nm 
from  the  interface.  The  nature  of  this  charge  will  be 
borne  out  with  further  investigation.  The  lifetime,  on 


Figure  3.  Surface  (a)  charge  density  and  (b) 
recombination  lifetime  as  a  function  of  thickness 
during  an  etchback  of  a  3.5  nm  oxide. 


the  other  hand,  remains  constant  until  the  thickness 
drops  below  1  nm  (Fig.  3b).  Here,  the  lifetime 
begins  to  increase  sharply  to  8  ps  for  an  oxide-free 
surface.  This  indicates  the  removal  of  recombination 
centers  located  within  this  region  of  the  oxide.  As 
seen  in  this  figure  prolonged  exposure  to  HF  causes 
the  lifetime  to  decrease,  which  may  be  due  to 
surface  microroughening.  To  further  investigate  the 
location  of  the  charge  in  the  oxide  a  12  nm  oxide 
was  subjected  to  the  same  etch  back  experiment. 
The  results  shown  in  Fig.  4  indicate  again  an 
increased  density  of  charge  (Fig.  4a)  and  an 
independent  increase  in  lifetime  (Fig.  4b)  in  the 
region  adjacent  to  the  Si02-Si  interface. 

3.2.  Ta205  Monitoring 


In  light  of  growing  interest  in  high-k 


Oxide  Thickness  [nm] 


Figure  4.  Surface  (a)  charge  density  and  (b) 
recombination  lifetime  as  a  function  of  thickness 
during  an  etchback  of  a  12  nm  oxide. 
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dielectrics  for  both  MOS  gate  as  well  as  storage 
capacitor  applications  adequate  methodologies  for 
material  characterization  for  process  development 
and  monitoring  should  be  available.  Due  to  the 
properties  of  these  materials,  such  as  leakage 
currents  typically  higher  than  thermal  Si02  as  well 
as  difficulties  with  selection  of  the  gate  contact 
material  a  non-contact  method  that  can  measure 
charge  density  across  a  range  of  thicknesses  of  high- 
k  dielectrics  without  an  electric  field  stress  may  play 
a  very  useful  role.  In  this  section  thin  layers  of  Ta^ 
on  Si  are  studied  using  the  SCP  method. 

In  this  study  40  nm  thick  films  of  Ta^ 
deposited  on  silicon  by  reactive  sputtering  were 
studied.  It  is  known  that  that  the  reactive  sputter 
deposition  method  can  not  produce  Ta^  films 
featuring  adequate  electrical  characteristics,  but  this 
deficiency  was  what  was  needed  in  this  experiment. 
Using  the  SCP  method  the  oxide  charge  density  was 
effectively  measured  as  shown  in  Fig.  5.  In  this 
figure  variation  of  charge  density  in  Ta205  with  time 
of  post-deposition  anneal  at  550  °C  in  both  N2  and 
02  is  shown. 

Additional  measurements  were  performed 
on  4  nm  thick  films  of  Ta^  deposited  by  CVD  on 
Si  surfaces  which  were  either  thermally  nitrided 
before  deposition  or  not  [7].  Different  values  of 
charge  density,  0.8  and  3.3xl010  cm'2,  respectively, 
(Fig.  6)  were  detected  in  spite  of  the  observed 
substantial  conductance  of  these  films. 


Figure  6.  Surface  charge  measured  in  4nm  CVD 
TaPj  films. 


4.  CONCLUSIONS 

The  results  obtained  indicate  a  very  good 
potential  of  the  non-contact  SPV  based  method  of 
Surface  Charge  Profiling  in  the  electrical 
characterization  of  oxides  which  either  due  to  the 
negligible  thickness  and  resulting  tunneling,  or 
structural  imperfections  and  resulting  leakage  are 
too  conductive  to  allow  C-V  characterization. 
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Figure  5.  Surface  charge  as  a  function  of  anneal  time 
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By  measuring  the  RTS  capture  kinetics  in  submicron  nMOSFETs  under  conditions  of  a  constant  drain 
current  but  changed  gate  and  substrate  bias  in  linear  operation,  it  has  been  found  that  a  high  surface  electric 
field  Es  is  the  important  factor  that  controls  the  RTS  capture  kinetics  and  the  Coulomb  blockade  energy  AE.  In 
fact,  it  is  shown  that  the  capture  time  constant  and  the  value  of  AE  may  be  presented  as  unique  functions  of  the 
value  of  NSES  and  NSES2,  respectively,  where  Ns  is  the  inversion  surface  charge  density  in  the  channel.  This 
effect  is  attributed  to  the  fact  that  some  distance  exists  between  the  centroid  of  the  inversion  layer  and  the 
Si/Si02  interface  under  conditions  of  surface  quantization  occuring  at  sufficiently  high  values  of  Es  and  this 
distance  decreases  with  increasing  Es. 


1.  INTRODUCTION 

The  random  telegraph  signal  (RTS)  noise  observed 
in  submicron  MOSFETs  offers  a  unique  way  of 
studying  the  single-electron  trapping  process  in  an 
individual  interface  trap  [1].  Investigations  of  this  noise 
in  state-of-the-art  nMOSFETs  characterised  by 
ultrasmall  thicknesses  of  the  oxide  layer  toX  10  nm) 
and  high  doping  concentrations  in  the  channel  region 
Na  (>  1017  cm'3)  seem  to  be  of  a  special  interest.  First  of 
all,  due  to  such  small  values  of  toX  the  high  Coulomb 
blockade  energy  AE  influences  significantly  the  RTS 
kinetics  [24].  This  effect  implies  that  the  image 
charges  of  the  RTS  trap  charge  have  to  establish  on  the 
gate  electrode,  in  the  channel  and  in  the  substrate.  To 
do  this,  the  additional  energy  AE  called  Coulomb 
energy  and  related  to  the  movement  of  charge  against 
the  potential  distribution  in  the  structure  is  required. 
Moreover,  due  to  high  values  of  NA  the  surface  electric 
fields  at  the  Si/Si02  interface  appear  to  be  so  high  that 
the  RTS  process  occurs  under  conditions  of  a  two- 
dimensional  quantization  of  the  c-band  near  the 
interface  where  the  following  effects  can  affect  the  RTS 


kinetics:  (i)  centroid  of  the  inversion  charge  layer  is  a 
finite  distance  away  from  the  Si/Si02  interface  and  this 
distance  decreases  with  increasing  surface  electric  field 
Es*,  (ii)  the  electrons  emitted  from  the  interface  trap 
must  have  an  additional  energy  to  be  captured  in  the 
conduction  band  and  this  energy  increases  with 
increasing  Es  [5]. 

In  this  paper  the  results  of  investigations  of  the 
RTS  noise  in  the  nMOSFETs  with  tox  "  7  nm  and 
Na  =  2.  MO17  cm'3  are  presented.  In  weak  inversion 
this  noise  is  characterised  by  the  superlinear 
reduction  of  the  capture  time  constant  xc  with 
increasing  drain  current  I  in  linear  operation,  name¬ 
ly:  tc  ~  I'3  7,  while  the  emission  time  constant  xe  is 
practically  constant  in  this  case  (Fig.  1). 

Within  the  framework  of  the  Coulomb  blockade 
theoiy,  such  a  behaviour  of  xc  and  xe  is  typical  for  a 
repulsive  center  (which  is  neutral  when  empty)  for 
which  [24] 

xc  =  (l/Cnns)exp(AE/kT),  (1) 

xe  =  (l/CnNc)exp(ET/kT)  (2) 
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where  C*  is  the  capture  coefficient  for  electrons,  re  is 
the  effective  free  electron  concentration  per  unit 
volume  at  the  Si/Si02  interface,  k  is  the  Boltzmann 
constant,  T  is  the  temperature,  Nc  is  the  effective 
density  of  states  in  the  conduction  band  of  a 
semiconductor  and  Er  is  the  energy  distance  between 
the  RTS  level  and  the  c-band  level  where  the  electron 
can  be  emitted. 


DRAIN  CURRENT,  pA 


Figure  1.  Capture  (1)  and  emission  (2)  time  cons¬ 
tant  in  function  of  the  drain  current  at  UBs  -  0  V. 

The  essential  property  of  the  Coulomb  energy  is  that 
AE  reduces  with  increasing  inversion  surface  charge 
density  Ns  in  the  channel  (where  Ns  is  the  number  of 
free  carriers  per  unit  area  at  the  interface)  due  to  the 
increased  screening  of  the  gate  image  charge  by  the 
inversion  layer  [3,4].  The  superlinear  decrease  of  xc 
with  increasing  I  is  caused  by  the  fact  that  AE  decrea¬ 
ses  with  increasing  Ns  while  I  increases  linearly  with 
increasing  Ns.  It  will  be  shown  that  under  conditions 
investigated  the  behaviour  of  xc  and  AE  was 
determined  not  only  by  the  value  of  Ns  but  also  by  the 
surface  electric  field  Es  that  was  changed  from  200  to 
366  kV-cm"1  giving  rise  to  the  surface  quantization 
where  the  ground  state  resided  (60  to  88)  meV  above 
the  surface  c-band  energy  level  and  the  centroid  of  the 
inversion  layer  was  a  distance  (2.0  to  1.7)  nm  away 
from  the  interface. 


2.  EXPERIMENTAL 

The  RTS  noise  has  been  studied  in  submicron 
nMOSFET  fabricated  in  a  0.35  pm  CMOS  technology. 
The  effective  channel  length  and  width  are  0.48  pm 
and  0.75  pm,  respectively.  The  noise  spectra  in  the 
frequency  interval  f  -  1  Hz  to  100  kHz  as  well  as  the 
RTS  oscilloscope  pictures  have  been  measured  and 
analysed  in  detail  in  order  to  determine  the  values  of  xc 
and  xe  under  different  operating  conditions.  Detailed 
measurements  of  xc  and  xe  in  function  of  the  drain 
current  and  of  the  gate  (UGs)  and  substrate  (UBs)  bias 
were  performed  in  linear  operation  at  room 
temperature.  Particular  attention  was  given  to  the 
experiments  where  Eg  and  rig  were  changed  under 
conditions  of  Ns  =  const.  These  measurements  were 
carried  out  by  changing  UBs  and  UGs  while  keeping  the 
value  of  I  unchanged.  The  gate  bias  UGs  was  changed 
from  0.45  V  to  0.85  V;  the  substrate  bias  UBS  was 
changed  from  -1.39  V  to  +0.30  V  and  the  current 
interval  investigated  varied  between  0,15  pA  to  2.0  pA. 

3.  RESULTS  AND  DISCUSSION 

The  behaviour  of  xc  under  conditions  where  Ns  = 
const  while  UBS  and  UGS  change  is  shown  in  Fig.2 
where  the  dependences  of  xc  on  UBS  measured  at 
different  drain  currents  are  plotted. 


SUBSTRATE  BIAS,  V 

Figure  2.  Capture  time  constant  as  a  function  of  the 
substrate  bias  measured  at  I  =  0.22  pA  (1),  0.44  pA  (2), 
0.67  pA  (3),  1.0  pA  (4),  1.3  pA  (5)  and  2.0  pA  (6), 
corresponding  to  six  different  constant  values  of  Ns 
where  the  conversion  factor  is  N</I  =  3.2*  1017  cm" 2A 1 . 
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As  is  seen,  the  value  of  xc  is  not  constant  at  Ns  = 
const  but  is  a  strong  function  of  the  substrate  bias 
where  xc  decreases  with  increasing  value  of  |-UBs|- 
From  (1)  it  follows  that  one  of  the  reason  for  such  a 
decrease  of  xc  can  be  the  increase  of  the  value  of  ns 
due  to  the  rise  of  the  surface  electric  field  with 
increasing  negative  substrate  voltage  |-UBsl  at  Ns  = 
const.  To  check  whether  or  not  this  increase  of  ns  is 
responsible  for  the  decrease  of  xc  considered,  the 
values  of  Es  and  ns  were  calculated  and  then  the 
dependences  of  nsxc  on  UBS  were  analysed.  The 
values  of  Es  and  ns  were  determined  by  solving  the 
set  of  equations  describing  the  situation  in  the 
inversion  channel  under  surface  quantization  [5]. 
The  dependences  of  xcns  on  UBs  for  different  values 
of  I  are  shown  in  Fig.  3.  As  is  seen,  the  value  of  nsxc 
appears  to  be  also  a  function  of  UBS. 


Figure  3.  Dependences  of  xcns  on  UBs  determined 
for  dataofFig.2. 


This  points  to  the  fact  that  the  decrease  of  xc  with 
increasing  |-UBs|  shown  in  Fig.2  can  not  be 
attributed  to  the  small  increase  of  ns  under 
conditions  investigated.  Therefore,  along  with  ns 
and  Ns,  some  additional  factor  controls  the  RTS 
capture  kinetics  investigated.  It  has  been  found  that 
such  a  factor  is  the  value  of  Es.  This  is  demonstrated 
by  plotting  xc  versus  NSES  (Fig.4). 

As  is  seen  from  Fig.4,  all  the  results  shown  in  Figs.l 
and  2  fall  on  a  single  line. 


1  10 

NE,  1016Vcm’3 

s  s’ 


Figure  4.  Capture  time  constant  as  a  function  of  NSES; 
labelling  of  the  curves  1  to  6  is  identical  to  that  in 
Fig.2;  curve  7  corresponds  to  curve  1  in  Fig.  1. 

By  attributing  the  behaviour  of  xc  shown  in  Fig.  1  and 
Fig.2  to  some  specific  behaviour  of  the  Coulomb 
blockade  energy  AE  under  conditions  considered,  the 
results  shown  in  Figs.  5  to  7  have  been  obtained  where 
curves  1  to  6  correspond  to  curves  1  to  6  in  Fig.2 
measured  at  I  =  const  while  curve  7  corresponds  to 
curve  1  inFig.l. 


0  1  2  3  4  5  6  7 
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Figure  5.  Coulomb  blockade  energy  as  a  function  of 
Ns;  labelling  of  the  curves  is  identical  to  that  in 
Fig.4 
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The  value  of  AE  was  found  by  means  of  the 
formula  AE  =  kTln(xcCnns)  derived  from  (1)  where 
the  capture  coefficient  Cn  was  considered  to  be 
independent  of! 


0  5  10  15  20 

1  A17  -3 

n ,  10  cm 

s 7 

Figure  6.  Coulomb  blockade  energy  as  a  function  of  iy; 
labelling  of  the  curves  is  identical  to  that  in  Fig.4 
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Figure  7.  Coulomb  blockade  energy  as  a  function  ofNE2 ; 
labelling  of  the  curves  is  identical  to  that  in  Fig.4 

The  reason  is  the  constant  value  of  xe  in  the 
region  of  the  rapid  decrease  of  xc  with  increasing  I 
(Fig.l,  curve  2)  that  can  be  described  by  (2)  with 
unchanged  value  of  Cn.  The  value  of  Cn  was  found 


from  Cn  =  (Tcns)_1  where  tc  and  ns  correspond  to  the 
highest  current  investigated  where  xc  -  T1  is 
observed  (Fig.l,  curve  1)  and,  hence,  the  simple 
relation  xc  =  (Cnns)-1  is  valid.  The  result  is  C„  = 
4.8-10'15  cmY1  and  an  =  CnV*1  =  4.8-10"22  cm2 
where  crn  is  the  capture  cross-section  for  electrons 
and  vth  is  the  thermal  velocity.  Such  a  cross-section 
is  typical  for  the  electron  repulsive  traps  [1]. 

As  is  seen  from  Figs.5  to  7,  the  value  of  AE  is  rather 
high  (up  to  130  meV)  at  a  relatively  small  value  of  Ns 
in  the  devices  considered.  It  is  also  seen  that  AE  is  not 
a  unique  function  of  either  Ns  (Fig.5)  or  ris  (Fig.6).  At 
the  same  time,  Fig.7  shows  that  AE  may  be  presented 
as  a  unique  function  of  the  value  ofNJEs2. 

4.  CONCLUSIONS 

Not  only  the  inversion  surface  charge  density  Ns  but 
also  the  high  surface  electric  field  Es  are  factors  that 
control  the  RTS  capture  kinetics  and,  perhaps,  the 
value  of  the  Coulomb  blockade  energy  in  submicron 
nMOSFETs  under  surface  quantization  conditions. 
This  fact  can  be  explained  intuitively  considering  the 
distance  existing  between  the  centroid  of  the  inversion 
layer  and  the  Si/Si02  interface  under  conditions  of 
surface  quantization.  This  distance  decreases  with 
increasing  Es,  explaining  the  observed  trends. 
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On  the  origin  of  flicker  noise  in  MOSFET’s 
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Results  extracted  using  noise  spectroscopy,  i.e.  trap  density  and  slope  of  noise  spectra,  are  compared,  as  a 
function  of  Fowler-Nordheim  stress,  with  those  obtained  using  a  technique  called  tunnel  charge  pumping  (ILF) 
which  allows  the  extraction  of  the  Si-Si02  interface  trap  depth  concentration  profiles.  The  trap  densities  extracted 
using  the  two  techniques  agree  for  the  virgin  device,  but  increase  much  faster  with  stress  for  noise  spectroscopy 
and  seem  excessively  high  at  high  injection  doses  for  this  technique.  However,  a  clear  correlation  between  the 
evolution  of  the  slope  of  noise  spectra  and  that  expected  from  the  trap  parameters  measured  using  TCP  is 
evidenced.  This  emphasizes  that  flicker  noise  originates  from  carrier  number  fluctuations  du  to  trapping  into  the 
oxide  traps  in  the  p-channel  device  studied. 


1.  INTRODUCTION 

Since  the  late  sixties,  the  origin  of  flicker  noise 
in  MOSFET’s  has  been  extensively  discussed. 
Nevertheless,  in  recent  papers,  for  some  authors  and 
from  the  measurement  of  large  area  MOS  transistors, 
flicker  noise  originates  from  carrier  mobility 
fluctuations  in  p-channel  MOS  transistors  and  from 
carrier  number  fluctuations  du  to  trapping  into  the 
oxide  traps  in  n-channel  devices  [1].  For  others,  it 
results  in  both  device  types  from  carrier  number 
fluctuations  [2].  Criteria  for  determining  the  origin  of 
flicker  noise  have  been  defined  [3,4]  and  for  MOS 
devices  with  conventional  architectures,  it  is  found  to 
result  mainly  from  carrier  number  fluctuation  in  both 
device  types  [3-5].  From  the  measurement  of  devices 
with  various  areas,  noise  spectra  have  been  very 
convincingly  decomposed  into  their  individual 
trapping  events  [6].  However,  assuming  that  noise 
results  from  carrier  trapping,  deviations  from  the 
expected  Shockley-Read-Hall  behaviour  have  been 
observed  in  micron  sized  devices  [5,7],  leading  some 
author  to  doubt  this  interpretation  [7]. 

Concerning  large  area  MOS  transistors  and  the 
carrier  number  fluctuations  approach  [8,9],  theo¬ 
retical  calculations  derived  from  the  McWhorter 
model  [10,11]  after  introducing  various  energy  and 
depth  dependencies  of  the  trap  properties  have  been 
proposed.  The  bias  dependence  of  the  noise  power 
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spectral  density  and  of  the  slope  y  of  noise  spectra 
were  studied  [10,11].  The  main  problem  concerning 
this  approach  was  the  lack  of  information  about  the 
energy  and  depth  evolution  of  the  trap  properties  in 
the  near  Si-Si02  interface  region  (for  instance  [10- 
12]). 

A  technique  based  on  charge  pumping  measu¬ 
rements  and  on  the  tunnelling  of  carriers  into  the 
oxide  traps  has  been  proposed  recently  [13,14],  It 
allows  the  extraction  of  the  trap  depth  concentration 
profiles,  from  the  Si-Si02  interface  up  to  around  ten 
angstroms  in  the  oxide.  Trap  profiles  recorded  from 
numerous  devices  are  found  of  the  form  Nt(x)  =  Nts 
exp(-x/d)  +  Nt0  [14].  The  trap  capture  cross  sections 
at  the  interface  can  also  be  extracted  [13]. 

In  this  paper,  the  evolution,  with  Fowler- 
Nordheim  (FN)  injection,  of  the  results  obtained 
from  noise  measurements  (trap  concentration 
obtained  using  the  McWhorter  model  and  slope  y  of 
the  1/f  noise  spectra),  are  compared  with  those 
extracted  using  TCP. 

2.  EVOLUTION  OF  THE  TRAP  PROFILES 
WITH  FOWLER-NORDHEIM  STRESS 

The  device  studied  is  a  p-channel  transistor. 
The  injection  has  been  carried  out  from  the  gate. 

B.V.  All  rights  reserved. 
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For  the  virgin  device,  the  trap  depth  profile  is 
of  the  form  (dashed  line  in  Fig.  1): 

Nt(x)  =  N*  exp(-x/d)  +  Nto  (1). 

In  state-of-the-art  MOS  transitors,  Nts/Nt0  is  of 
the  order  of  100  while  d  lies  around  1  A.  The  trap 
capture  cross  sections  at  the  interface,  a(0),  of  the 
order  of  10‘15  to  10*16  cm2,  agree  with  the  values 
reported  in  the  literature. 


Fig.  1:  Evolution  of  the  Si-Si02  interface  trap  depth 
profile  with  FN  injection. 

As  the  stress  proceeds  and  apart  from  the 
overall  increase  of  the  trap  density,  the  trap  profile 
always  follows  Eqn.  1  but  Nts/Nt0,  the  ratio  of  the  trap 
density  at  the  interface  with  respect  to  that  in  the 
oxide,  decreases,  d,  the  decay  characteristic  length  of 
the  exponential  part  of  the  profile  increases  (Fig.  1) 
and  the  trap  capture  cross  section  strongly  increases. 
More  details  about  these  points  can  be  found  in  [15]. 

3.  TRAP  DENSITIES  OBTAINED  USING  THE 
TWO  METHODS 

In  Fig.  2  the  trap  density,  Nt0,  measured  in  the 
plateau  region  of  the  trap  profiles  in  Fig.  1  is 
compared  with  that,  Nt(Ef),  extracted  from  noise 
measurements  using  the  McWhorter  model  [8,9]: 

A r  2f 

Nt(Ef)  =  Svg  r°V  (2). 

qkTX 

owning  to  the  fact  that  in  weak  inversion,  the 
measured  gate  voltage  spectral  density,  Svg,  is  equal 


to  the  flat  band  voltage  spectral  density,  Svnj,  which 
can  be  expressed  as  a  function  of  the  parameters  of 
the  device  [16]. 

In  Eqn.  1,  Ef  is  the  Fermi  level,  A  is  the  device 
area,  Cox  is  the  gate  oxide  capacitance,  f  is  the 
frequency,  q  is  the  absolute  electron  charge,  k  is  the 
Boltzman  constant,  X  is  the  tunnel  distance  (X  ~  1  A). 


Fig.  2:  Comparison  between  the  trap  densities 
extracted  from  TCP  and  from  noise  spectroscopy. 


For  the  virgin  device  the  agreement  between 
the  two  techniques  is  good.  However,  the  trap 
concentration  measured  using  noise  spectroscopy 
increases  much  faster  than  that  obtained  using  TCP 
when  increasing  the  electron  fluence. 

At  high  electron  fluence,  the  Nt  values 
extracted  from  noise  measurements  seem  unrealistic 
[18]:  starting  from  Nt  =  2  1020  eV'Vcm'3,  as  measured 
at  2.1019  q.cm'2  in  Fig.  2,  and  assuming  that  the  traps 
in  the  first  15  A  in  the  oxide  mainly  contribute  to 
noise  spectra  [9]  or  TCP,  an  overall  interface  trap 
density  Nss=  3  1013  eVl.cm'2,  much  larger  than  Nss  = 
5.6  1011  eVAcm'2  measured  on  the  device,  should  be 
obtained;  or,  to  get  Nss  =  5.6  1011  eV'Vcm*2  with  Nt  = 
2  1020  eVAcm’3,  it  should  be  assumed  that  the 
observed  noise  originates  from  a  layer  0.3  A  thick. 

3.  SLOPE  y  OF  THE  1/f  NOISE  SPECTRA 

Fig.  3  shows  noise  spectra  calculated  in  the 
case  of  trap  concentrations  given  by  Eqn.  1  using  the 
trap  parameters,  N*,  Nt0,  d  and  a( 0)  measured  at  low 
(Fig.  3a)  and  high  (Fig.  3b)  fluence,  for  three  surface 
potential,  <|)s,  values/between  weak  and  the  onset  of 
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strong  inversion.  The  exponential  part  of  the  profiles 
induces  a  hump  on  the  spectra  before  the  occurrence 
of  the  1/f2  dependence  when  the  traps  at  the  interface 
have  not  the  time  to  respond  [9].  The  frequency 
range,  1-200  Hz,  where  measurements  are  carried  out 
is  noted  in  the  figures. 


spectra  recorded  from  weak  to  the  onset  of  strong 
inversion.  In  Fig.  4a  and  4b,  the  electron  fluencies 
are  those  used  in  Fig.  3a  and  Fig.  3b,  respectively. 
An  Nt  value  independent  of  frequency 'reveals  an  1/f 
noise  spectrum;  an  Nt  value  increasing  with  f 
corresponds  to  an  1/f  (y  <  1)  noise  spectrum. 


Frequency  (Hz) 


Fig.  3:  Simulation  of  noise  spectra  using  the  trap 
parameters  extracted  from  TCP  after  a  (a)  low  and 
(b)  high  electron  fluence. 

At  low  fluence  (Fig.  3a),  y  =  1  in  the  1-200  Hz 
region  for  a  large  range  of  0S  values  ((pf  is  the  Fermi 
potential).  It  diminishes  only  at  very  weak  inversion. 
At  high  fluence  (Fig.  3b),  y  <  1  in  a  large  part  of  the 
weak  inversion  region  except  near  (|>s  =  (pf  where  the 
nearness  of  the  1/f2  region  increases  the  slope. 


At  low  fluence  (Fig.  4a)  and  in  agreement  with 
Fig.  3a,  the  slope  of  noise  spectra  is  near  unity  except 
in  very  weak  inversion  while  at  high  fluence  (Fig.  4b) 
it  is  strongly  bias  dependent  and  increases,  as 
expected,  toward  weak  inversion. 

This  is  summarized  in  Fig.  5,  where  the  values 
of  y  obtained  from  curves  such  as  those  in  Fig.  3, 
after  simulating  noise  spectra  using  the  parameters  of 
the  trap  profiles  extracted  from  TCP  (Fig.  5a)  are 
compared,  as  a  function  of  the  injection  dose,  with 
those  recorded  from  noise  spectra  (Fig.  5b). 


Figs  4a  and  4b  show  Nt(f)  curves  directly 
extracted  from  the  measured  noise  spectra  using  the 
McWhorter  model  (Eqn.  2).  They  correspond  to 


Fig.  4:  Trap  concentration  directly  calculated  from 
noise  spectra  using  the  McWhorter  model  (Eqn.  2)  at 
(a)  low  and  (b)  high  electron  fluence. 
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Fig.  5:  Slope  of  noise  spectra  (a)  obtained  from 
simulation  after  introducing  the  trap  parameters 
measured  using  TCP  and  (b)  measured. 

A  clear  correlation  can  be  seen  between  Figs. 
5a  and  5b,  especially  at  low  fluencies  (up  to 
10I8q.cm"2).  At  high  fluencies,  the  experimental 
curves  are  stretched  in  regard  to  those  simulated. 
This  mainly  results  from  the  simulation  of  <j)s(Vg),  at 
high  trap  density  values,  which  is  probably  far  from 
that  of  the  device.  In  particular,  the  abrupt  increase 
of  y  near  <|>s  =  cpf  in  Fig.  5a,  which  corresponds  to  the 
occurrence  of  the  1/f2  noise  regions  in  Fig.  3  is  not 
observed  in  Fig.  5b. 

Figs.  4  and  5  show  that  y  follows  the  evolution 
of  the  trap  parameters  measured  using  TCP.  As  a 
result,  flicker  noise  in  the  p-channel  device  studied 
results  from  carrier  number  fluctuations  due  to 
trapping  into  the  near  Si-Si02  interface  traps. 


4.  CONCLUSION 

It  has  been  shown  that  the  oxide  trap  densities 
measured  using  TCP  and  noise  spectroscopy,  which 
agree  for  virgin  devices  strongly  differ  at  high  FN 
stress,  those  extracted  from  noise  measurements 
being  extremely  high.  However,  a  clear  correlation 
has  been  evidenced  between  the  trap  parameters 
extracted  from  TCP  and  the  slope  of  noise  spectra, 
showing  that  flicker  noise  originates  from  carrier 
number  fluctuations  in  the  p-channel  device  studied. 
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A  study  of  100  nm  channel  length  asymmetric  channel  MOSFET  by  using  charge 
pumping 
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Lateral  Asymmetric  Channel  (LAC)  MOSFETs  with  channel  lengths  down  to  0.1  pm  have  been 
fabricated  and  characterized  for  their  electrical  performance.  Using  charge  pumping,  we  show,  for  the  first 
time,  channel  Vt  profiles  obtained  experimentally,  demonstrating  realization  of  asymmetric  channel 
MOSFETs  down  to  0.1  pm  channel  lengths.  Our  detailed  experimental  characterizations  show  improved 
performance  for  LAC  MOSFETs  over  conventional  MOSFETs,  in  addition  to  excellent  hot-carrier 
reliability.  Based  on  2-D  device  simulation  results,  we  attribute  the  improved  hot-canier  reliability  in  LAC 
MOSFETs  to  the  reduced  peak  lateral  electric  field  in  the  channel. 


1.  INTRODUCTION 

Hot-carrier  degradation  (HCD)  involving  carrier 
heating,  injection  and  subsequent  gate-oxide 
damage  can  become  a  severe  reliability  concern 
when  realizing  deep  sub-micrometer  MOSFETs 
[1].  With  the  advent  of  high-k  dielectrics  for  use  in 
sub  0. 1  pm  channel  MOSFETs,  and  the  invariably 
lower  barrier  heights  that  would  result  by  the  use 
of  these  dielectrics  [2],  HCD  is  going  to  become  a 
major  concern.  One  attractive  way  of  alleviating 
hot-carrier  problems  is  by  adopting  suitable 
channel  engineering  techniques  in  the  sub  0. 1  pm 
channel  regime  [3].  In  this  paper,  we  present 
experimental  results  on  Lateral  Asymmetric 
Channel  (LAC)  MOSFETs  having  channel  lengths 
down  to  0.1  pm.  Using  charge  pumping  in  LAC 
and  conventional  MOSFETs,  fabricated  on  the 
same  wafer,  we  show  that  asymmetric  channel 
doping  improves  hot-carrier  reliability  by  more 
than  a  factor  of  two  in  comparison  to  conventional 
MOSFETs.  2-D  device  simulations  show  that 
reduced  peak  lateral  electric  field  near  the  drain 


junction  in  LAC  MOSFETs  is  responsible  for  the 
observed  improvement  in  reliability. 

2.  DEVICE  FABRICATION 

Both  the  conventional  (CON)  and  LAC  n- 
MOSFETs  were  fabricated  on  the  same  wafer  for 
realistic  comparisons  [3].  E-beam  lithography  was 
used  to  define  gate  lengths  down  to  0.1  pm 
(effective  channel  lengths  down  to  0.08  pm). 
Conventional  Si02  having  an  electrical  oxide 
thickness  (EOT)  of  3.9  nm  is  used  as  the  gate 
dielectric.  A  large  angle  tilt  implant  was  employed 
for  VT  adjustment  in  LAC  MOSFETs  after  the 
poly  gate  formation.  The  VT  adjustment  in  CON 
devices  was  done  before  the  gate  oxidation.  A 
two-step  low-temperature  Ti  silicidation  process 
with  Ge  preamorphization  was  implemented  to 
control  the  silicide  depth  and  to  reduce  series 
resistance.  The  schematic  of  the  LAC  MOSFET 
structure  its  and  doping  profile  is  shown  in  Fig.  1. 


*  Recipient  of  fellowship  from  Siemens  AG,  Germany. 

0167-9317/99/$  -  see  front  matter  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  SO  167-93 17(99)00369-X 


194 


S.  Mahapatra  et  al.  /  Microelectronic  Engineering  48  (1999)  193-196 


Boron 


*  *  *  *  * 


Figure  1.  Schematic  of  a  LAC  n-MOSFET 
along  with  the  channel  doping  profile. 


3.  RESULTS  AND  DISCUSSION 

Fig  2  shows  the  output  characteristics  of  a  0. 1 
pm  LAC  and  conventional  MOSFET.  The  higher 
drain  current  and  improved  transconductance 
saturation  in  the  LAC  MOSFET  can  be  attributed 
to  the  early  electron  velocity  overshoot  at  the 
source  end  of  the  channel  [3].  Fig  3  shows  the 
DIBL  for  conventional  and  LAC  MOSFET  as  a 
function  of  channel  length.  DIBL  in  the  forward 
mode  of  operation  is  less  for  LAC  MOSFETs 
compared  to  conventional  MOSFETs  of  identical 
channel  length. 


-3 


0.0  0.5  1.0  1.5 


Vo  (V) 

Figure  2,Output  characteristics  for  a  0. 1  pm 
LAC  and  conventional  MOSFET. 


Charge  pumping  (CP)  measurements  were 
performed  in  LAC  and  conventional  MOSFET 
using  the  setup  shown  in  Fig.  4.  The  gate  of  the 
MOSFET  was  pulsed  using  a  1  MHz  trapezoidal 
waveform.  The  substrate  was  shorted  to  ground, 
while  the  dc  recombination  current  (Icp)  was 
measured  at  the  source  and  drain  [4] . 


0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1 
Channel  Length  (^m) 

Figure  3.  DIBL  as  a  function  of  channel  length 
for  conventional  and  LAC  MOSFET. 

Pulse  generator  Oscilloscope 


Figure  4.  Charge  pumping  setup. 

Fig  5  shows  the  pre-  and  post-stress  CP 
current  characteristics  as  a  function  of  pulse  top 
level  (VtoP)  for  a  0.1  pm  LAC  and  conventional 
MOSFET.  The  identical  pre-stress  Icp  in  LAC  and 
conventional  devices  indicates  no  additional 
interface-state  density  (Nit)  generation  due  to  VT 
implant  through  gate  oxide  in  the  LAC  MOSFETs. 
The  relatively  smaller  increase  in  post-stress  Icp  in 
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LAC  MOSFETs  indicates  lesser  post-stress  Nit 
generation  in  such  devices,  as  shown  later. 


Vtcp  (V) 

Figure  5.  Pre-  and  post-stress  charge  pumping 
currents  as  a  function  of  pulse  top  level  for 
conventional  and  LAC  MOSFETs. 


Fig  7  shows  the  stress-induced  Nit  distribution 
along  the  channel  for  a  0. 1  pm  conventional  and 
LAC  MOSFETs.  Stressing  was  done  at  VG  =  VjJl 
=  1.4V  for  100s.  The  Nit  profiles  were  obtained  by 


12 


DISTANCE  ALONG  THE  CHANNEL  frim) 

Figure  7.  Stress-induced  interface-state  density 
profile  for  conventional  and  LAC  MOSFETs. 


The  slope  of  the  fitted  straight  line  through 
the  pre-stress  Icp  versus  drawn  gate  length  (L)  plot 
furnishes  average  pre-stress  Nit.  This  along  with  1^ 
from  open  drain  and  open  source  measurements 
provides  the  threshold  voltage  (VT)  profile  [4],  as 
shown  in  Fig  6.  The  asymmetric  nature  of  the 
LAC  devices  can  be  clearly  seen  even  down  to  0. 1 
pm  channel  length. 


differentiating  the  measured  hJ^-V^  data  (A 1^  is 
the  incremental  CP  current)  and  using  the  pre¬ 
stress  VT  distribution  [4].  The  reduced  peak  and 
spread  of  the  stress  induced  profiles  in  the 
LAC  MOSFET  compared  to  the  conventional 
device  can  be  clearly  seen. 

Figs.  8  through  10  show  the  incremental  CP 


DISTANCE  ALONG  THE  CHANNEL  (nm) 
Figure  6.  Pre-stress  threshold  voltage  profiles 
along  the  channel  for  conventional  and  LAC 
MOSFETs  obtained  using  charge  pumping. 


stress  t  (sec) 

Figure  8.  Incremental  CP  current  and 
transconductance  degradation  as  a  function 
of  stress  time. 
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current  (AI^)  and  transconductance  degradation 
(Agn/gno)  for  LAC  and  conventional  devices  as  a 
function  of  stress  time,  supply  voltage  and  channel 
length  respectively.  It  is  clear  that  AIcp  and  Agm  are 


Figure  9.  Incremental  CP  current  and 
transconductance  degradation  as  a  function  of 
stress  drain  bias. 


higher  in  conventional  devices  compared  to  the 
LAC  ones  for  all  stress  times,  supply  voltages  and 
channel  lengths  down  to  0.1  pm.  Note  that  both 
Alcp  and  Agm  vary  as  f  with  stress  time  (Fig  8) 
and  exp  (-aWD)  with  stress  voltage  (Fig  9),  with 
similar  values  of  n  (0.54  and  0.43  for  AI^  and 
Ag^  and  a  (25  V  and  16V  for  AIcp  and  Agm)  for  the 
conventional  and  LAC  MOSFETs. 

Fig  11  shows  the  simulated  lateral  electric 
field  along  the  channel  for  conventional  and  LAC 
MOSFETs.  The  improvement  in  hot  carrier 
performance  in  LAC  MOSFETs  can  be  directly 
attributed  to  the  reduced  peak  lateral  field  near  the 
drain  junction  in  such  devices. 


4.  CONCLUSION 

The  asymmetric  nature  of  the  channel  and  its 
hot-carrier  performance  is  investigated  in  LAC 
MOSFETs  for  channel  lengths  down  to  100  nm. 
The  charge  pumping  results  show  excellent  hot- 
carrier  immunity  of  LAC  MOSFETs  compared  to 
the  conventional  devices  fabricated  on  the  same 
wafer.  The  improved  hot-carrier  reliability  in  LAC 


MOSFETs  is  attributed  to  lower  peak  lateral 
electric  fields  near  the  drain  end  as  seen  from  2-D 
device  simulations. 


Figure  10.  Incremental  CP  current  and 
transconductance  degradation  as  a  function 
of  channel  length. 


Figure  11.  Simulated  lateral  electric  field 
profiles  for  LAC  and  conventional  MOSFET. 
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1.  INTRODUCTION 

For  decades  cleaning  processes  in  IC  manufac¬ 
turing  were  very  poorly  characterized  and  speci¬ 
fied.  Cleaning  recipes,  such  the  RCA-recipe  [1], 
have  been  taken  for  granted.  In  order  to  meet  the 
stringent  future  gate-oxide  defect  density  require¬ 
ments  [2],  cleaning  strategies  with  a  higher  per¬ 
formance  have  to  be  developed.  Today  wet  clean¬ 
ing  takes  up  a  significant  fraction  of  the  produc¬ 
tion  cost  and  generates  large  amounts  of  waste. 
Improving  the  pre-gate  cleaning  intrinsic  quality 
and  at  the  same  time  reduce  the  consumption  of 
chemicals  and  water  urges  us  to  drastically  re¬ 
view  the  cleaning  processes.  The  development  of 
a  better  understanding  of  the  basic  mechanisms 
involved  is  believed  to  be  mandatory. 

In  this  overview,  at  first  the  effect  of  the  chem¬ 
ical  state  of  the  surface  prior  to  gate  oxidation  is 
studied.  Then  the  detrimental  effects  of  metal¬ 
lic  contamination  will  be  highlighted.  This  pro¬ 
vides  a  basis  for  the  specifications  for  new  clean¬ 
ing  recipes.  Rinsing  is  re-examined.  It  will  be 
shown  that  the  final  rinsing  has  a  definite  impact 
on  the  residual  metallic  contamination.  Finally  a 
new  process  for  the  in-situ  use  of  organic  precur¬ 
sors  for  Cl  in  dry  cleaning  during  gate  oxidation 
is  proposed. 

2.  EFFECT  OF  SURFACE  PASSIVA¬ 
TION 

It  is  commonly  assumed  that  in  order  to  obtain 
good  thickness  control  for  ultra  thin  oxides,  the 
initial  silicon  surface  should  not  have  any  chem- 

*This  work  was  partially  supported  by  Esprit  LTR  AS- 
PYR  No.  20182,  BMBF  (Large  Wafers)  and  IMECs  In¬ 
dustrial  Affiliation  Program  on  Ultra  Clean  Processing. 


ical  oxide  but  should  be  hydrogen-passivated  as 
obtained  after  a  proper  HF-immersion  and  rinse. 
Experiments  [3]  have  shown  however,  that  the 
thermal  oxide  grown  on  chemical  oxide  passivated 
silicon  (100)  surfaces  is  less  than  0.1  nm  thicker 
than  on  HF-last  treated  surfaces,  as  shown  in  Fig. 
1.  In  fact  the  oxide  passivated  surface  is  preferred 
as  it  results  in  slightly  lower  oxide  thickness  non¬ 
uniformity.  In  addition  the  oxide  passivated  sur¬ 
face  is  thermodynamically  more  stable  and  less 
vulnerable  to  particle  contamination. 


oxidation  condition:  Temp(°C)  /  time(min) 


Figure  1.  Ellipsometric  oxide  thickness  and  3-cr 
non-uniformity  (=  error  bars)  for  three  different  oxi¬ 
dation  conditions  (10%  O2  and  90%  N2)  in  the  case 
of  chemical-oxide  passivation  and  of  hydrogen  passi¬ 
vation  of  the  initial  silicon  surface. 

3.  EFFECT  OF  CONTAMINATION 
3.1.  Redistribution 

During  thermal  oxidation  (or  treatment)  the 
initial  surface  contamination  will  be  redistributed 
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Figure  2.  Schematic  representation  of  the  redis¬ 
tribution  of  metallic  contamination  that  is  initially 
present  on  the  wafer  surface  upon  thermal  oxidation 
[4,5]. 


in  three  different  parts,  as  indicated  in  Fig.  2  [4,5]. 
The  surface  contamination  can  either  diffuse  into 
the  bulk  silicon,  be  incorporated  into  the  oxide  or 
be  transported  through  the  gas  phase  and  even¬ 
tually  cause  cross-contamination.  Each  of  these 
three  components  of  material  transport  have  been 
studied  with  an  appropriate  method.  The  con¬ 
centration  in  the  oxide  and  at  the  interfaces  can 
be  measured  with  vapour  phase  decomposition 
-  droplet  collection  (VPD-DC)  [6]  in  combina¬ 
tion  with  either  total-reflectance  X-ray  fluores¬ 
cence  (TXRF)  or  A  AS.  The  bulk  concentration, 
in  the  case  of  Fe  has  been  measured  with  the 
SPV  method.  The  ’’longitudinal  out-diffusion” 
of  a  box-shaped  longitudinal  contamination  pro¬ 
file  in  the  furnace  (i.e.  the  cross-contamination) 
gives  an  indication  of  the  gas  phase  transport  [7]. 

In  this  section  the  redistribution  of  metallic 
contamination  in  the  absence  of  Cl  is  treated. 
Fe  is  not  volatilized  during  typical  oxidation  pro¬ 
cess.  The  redistribution  of  Fe  upon  oxidation  is 
relatively  complex  as  it  changes  significantly  with 
changes  in  the  oxidation  process  [4,8].  The  more 
oxygen  is  present  in  the  furnace  ambient  in  an 
early  stage  of  the  heating  cycle  the  smaller  the 
fraction  of  Fe  diffuses  into  the  silicon.  The  Fe 
that  diffuses  in  the  wafer  results  in  enhanced  car¬ 
rier  recombination.  More  recent  tests  have  been 
done  with  (1012  at./cm2)  metallic  contamination 
applied  prior  to  the  growth  of  4.5  nm  gate  oxide 
at  800°C  in  a  dry  ambient  (Fig.  3)  [9].  Only  Pb, 
Na  and  Zn  showed  significant  volatilization.  In 
general  metals  with  a  strong  tendency  for  oxide 
or  silicate  formation  tend  to  be  incorporated  in 
the  oxide.  Metals  with  sufficiently  high  diffusion 
constant  and  solubility  tend  to  diffuse  in  to  the 


silicon  bulk.  In  general  the  metals  that  diffuse 
more  into  the  bulk  yielded  the  largest  carrier  life¬ 
time  degradation. 


Mg  Ca  Sr  Ba  Tl  Fe  V  Mn  Cr  Co  Ni  PI  Pb  Na  Zn 


Figure  3.  Fraction  of  the  total  metal  contamina¬ 
tion  (approximately  1012  at./cm2)  that  is  incorpo¬ 
rated  into  the  oxide  4.5  nm  oxide  grown  at  800°  C  in 
dry  ambient  or  at  one  of  its  two  interfaces  [9]. 


3.2.  Effect  on  poly-silicon 

Metallic  contaminants  have  also  been  reported 
to  affect  the  growth  of  poly  silicon  [10].  In  case 
of  Fe  contamination  prior  to  gate  oxidation,  an 
increase  of  thickness  and  surface  roughness  of  the 
poly  silicon  gate  layer  has  been  observed  [4,8].  In 
more  recent  tests  [9]  with  (1012  at./cm2)  metallic 
contamination  applied  prior  to  the  growth  of  gate 
oxide,  mentioned  earlier,  the  light  scattering  haze 
on  450  nm  polysilicon  layers  deposited  on  top  of 
the  oxides  was  measured  using  a  Censor  ANS100, 
as  shown  in  Fig.  4.  From  all  the  elements  under 
study  only  Cr  contamination  had  a  major  effect 
on  the  poly-Si  haze. 

3.3.  Effect  on  oxide  integrity 

In  general,  metallic  contamination  is  expected 
to  degrade  device  performance.  Over  the  past 
years,  it  has  been  demonstrated  that  metallic  con¬ 
tamination  on  the  wafer  surface  prior  to  gate  ox¬ 
idation  has  a  distinct  negative  effect  on  the  di¬ 
electric  integrity  of  thin  gate  oxides  [11,12].  Par¬ 
ticularly  Ca  has  been  identified  as  one  of  the 
most  detrimental  metals  in  that  respect  [11,12]. 
Also  Fe  contamination  present  on  the  wafer  sur- 
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Figure  4.  Light  scattering  haze  (Censor  ANS100) 
measured  on  450  nm  LPCVD  poly-silicon  layers  de¬ 
posited  on  4.5  nm  oxide  grown  at  800°  C  in  dry  am¬ 
bient  on  wafers  that  were  metal  contaminated  with 
approximately  1012  at. /cm2  [9]. 


face  prior  to  the  gate  oxidation  has  been  corre¬ 
lated  with  gate  oxide  integrity  (GOI)  degradation 
[8,12,13].  GOI  degradation  obtained  in  case  of  Fe 
contamination  has  been  found  to  depend  on  the 
silicon  crystal  growth  process  as  well  [13].  A  re¬ 
cent  evaluation,  shown  in  Fig.  5,  shows  that  the 
column  II  metals  are  most  detrimental  for  gate 
oxide  dielectric  strength,  followed  by  V  and  Co 
[9].  Metal  contamination  can  also  introduce  fur- 


IMECHNO,  •  V  Cr  Mn  Co  N!  Zn  Ru  Pt  Pb  ■  Mg  Ct  $r  Bi 


Figure  5.  Fbd  defect  density  of  4.5  nm  gate  oxides 
at  11  MV/cm  obtained  from  ramped  voltage  stress 
for  different  conditions  of  intentional  metal  contami¬ 
nation  [9]. 


ther  degradation  during  post  oxidation  anneals 


[12,14].  Metals  are  reported  to  act  as  catalyst 
for  the  Si02  decomposition  reaction  during  heat 
treatment  in  an  ambient  with  a  very  low  oxy¬ 
gen  concentration  [15].  Another  mechanism  for 
degradation  could  be  the  formation  of  stable  sili¬ 
cates  [14]. 

4.  IMEC  CLEAN  AND  FINAL  RINSING 
4.1.  Imec  clean 

The  RCA-recipe  [1]  has  been  commonly  used  to 
clean  wafers.  Today  wet  cleaning  takes  up  a  sig¬ 
nificant  fraction  of  the  production  cost  and  gen¬ 
erates  large  amounts  of  waste.  A  strong  reduc¬ 
tion  in  chemical  and  UP-water  consumption  can 
be  obtained  by  using  simplified  cleaning  schemes, 
such  as  the  imec  clean™  [16,17].  A  typical  im¬ 
plementation  is  presented  in  table  1. 


Table  1 


Overview  of  different  steps  of  a  typical  imple¬ 
mentation  of  the  imec  clean™  in  an  immersion 
tank  system  [16,17]. 


description 

temp. 

(°C) 

time 

(min) 

h2so4/o3 

90 

5 

3-fold  quick-dump  rinse 

60,  20 

8 

dHF  (0.5%)  +  dHCl  (0.5M) 

22 

2 

rinse,  reduced  pH  (+  03) 

20 

10 

Marangoni  dry,  reduced  pH 

20 

8 

In  the  first  step  the  organic  contamination  is 
oxidized.  In  the  same  step  a  well  controlled  thin 
chemical  oxides  is  obtained  on  the  silicon  surface 
by  a  self-limiting  growth.  From  an  environmen¬ 
tal  perspective  it  is  desirable  to  perform  this  ox¬ 
idation  step  using  ozone  -  water  mixtures  [18], 
without  sulphuric  acid.  In  the  latter  case  further 
savings  in  rinsing  can  be  realized. 

The  HF/HCl-mixture  etches  off  the  chemical 
oxide  very  selectively,  thereby  under  cutting  par¬ 
ticles.  This  optimized  mixture  provides  protec¬ 
tion  against  noble  metal  outplating  from  the  so¬ 
lution  [19]. 
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Then  rinsing  is  performed  at  reduced  pH  in  or¬ 
der  to  avoid  redeposition  of  metallic  contamina¬ 
tion,  as  will  be  explained  below  (section  4.2).  If 
allowed  for  the  application,  a  reoxidation  is  per¬ 
formed  during  this  rinsing  step  by  injecting  03  in 
the  rinsing  solution.  The  hydrophilic  surface  thus 
obtained  is  less  sensitive  to  particle  contamina¬ 
tion  and  allows  for  easier  drying  without  the  gen¬ 
eration  of  water  marks.  As  mentioned  in  section 
2  the  reoxidized  surface  is  preferred  for  gate  ox¬ 
idation.  During  this  reoxidation  step,  care  must 
be  taken  to  avoid  gas  bubble  formation  in  this 
mixture,  since  bubbles  introduce  particle  deposi¬ 
tion.  Drying  is  preferably  performed  using  the 
Marangoni  technique  [20] .  The  pH  of  the  water 
used  during  Marangoni  drying  is  also  reduced  by 
spiking  small  amounts  of  acid. 

4.2.  final  rinsing 

It  has  been  recently  reported  that  rinsing  clean 
wafers  in  ultra  pure  water  results  in  a  built  up 
of  metallic  surface  contamination  [21,22]  on  hy¬ 
drophilic  wafers,  particularly  of  Ca  [23-25].  Even 
after  state  of  the  art  wet  cleaning  the  surface  con¬ 
centration  of  Ca  ranges  typically  from  lxlO10  to 
5xl010  at./cm2  [23]. 

Fig.  6  shows  the  results  of  a  first  order  model  of 
a  designed  experiment  in  which  the  rinse  water  in 
the  Marangoni  drier  was  intentionally  spiked  with 
2  w-ppb  of  Ca  and  varying  amounts  of  HNO3 
[23,26].  These  final  rinses  were  performed  di¬ 
rectly  after  immersion  of  clean  wafers  in  either 
an  SCI  or  an  SC2  mixture.  It  was  found  that  the 
metal  surface  concentration  drastically  increases 
with  decreasing  HN03  spiking.  The  higher  con¬ 
centration  found  on  SC  1-last  cleaned  wafers  with 
respect  to  SC  2-last  cleaned  wafers  was  attributed 
to  the  carry  over  of  basic  SCI  chemical  into  the 
final  rinse  and  dry  tank. 

Another  set  of  designed  experiments  was  per¬ 
formed.  Also  in  these  experiments  higher  [H+] 
results  in  lower  metal  surface  concentration,  ctm 
The  time  dependence  of  deposition  was  negligi¬ 
ble  for  most  elements.  Only  Cr,  Fe,  and  Al  sur¬ 
face  concentrations  showed  time  dependence  at 
pH  >  5  only.  This  time  dependence  is  attributed 
to  transport  (typically  diffusion)  limited  deposi¬ 
tion  [24]. 


Figure  6.  Dependence  of  the  final  Ca  surface  con¬ 
centration  (equilibrium  values)  as  a  function  of  pH 
of  the  final  rinse  solution  and  of  the  last  cleaning 
step  prior  to  the  rinsing  [23,26].  The  rinse  water  was 
spiked  with  approximately  2  w-ppb  of  Ca. 


A  model  for  the  adsorption  of  metallic  ions  onto 
hydrophilic  surfaces  resulting  from  wafer  cleaning 
has  been  developed.  The  acid-base  behavior  of 
Si-OH  groups  act  as  weakly  acidic  ion  exchangers 
[27-30].  The  chemical  oxide  undergoes  reactions 
with  H+  and  other  cations  (e.g.,  metal  ions),  M+, 
in  solution  [25]: 

=  SiO-  (s)  +  H+  (aq)  ^  SiOH(s)  (1) 

=  SiO-(s)  +  Mn+(aq)  SiOM^+ts)  (2) 

Kn  and  KM  are  the  constants  describing  the  at¬ 
traction  of  H+  and  Mn+  to  the  surface,  respec¬ 
tively.  It  is  assumed  that  multiple  cationic  species 
can  adsorb  to  a  limited  number  of  surface  sites 
with  concentration,  <to  [32].  Cations,  Mn+,  at¬ 
tach  singly  to  these  surface  sites.  This  results  in 
the  following  surface  concentration  balance: 

<X0  =  CTSiOM  +  tfSiOH  +  asio-  (3) 

where  crsiO  m  is  the  surface  concentration  of  the 
metal  on  the  wafer  surface.  Combining  the  equi¬ 
librium  expressions  corresponding  to  reactions  (1) 
and  (2)  with  equation  (3)  yields  the  following  ex¬ 
pression  for  the  metal  surface  concentration: 

si°M  “  l  +  #h[H+]  +  Km[M+]  { 
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The  values  of  Ku ,  Km  and  <ro  can  then  be  ob¬ 
tained  as  fit  parameters.  Fig.  7  shows  the  agree¬ 
ment  between  experimental  data  [31]  and  the 
model  of  eq.  (4)  in  a  conventional  deposition  plot. 
This  plot  also  shows  why  for  the  range  of  exper¬ 
imental  conditions  a  sublinear  relationship  was 
obtained  from  the  DOE-model.  Fig.  8  illustrates 
the  model  given  by  eq.  (4)  for  different  pH  val¬ 
ues.  These  curves  can  be  used  to  design  an  opti¬ 
mal  rinsing  process  in  terms  of  the  level  of  acid¬ 
ification  required  and  purity  specification  for  the 
UPW.  For  example  at  pH  2  the  Ca2+-weight  con¬ 
centration  should  be  below  10  ppt  in  order  to 
keep  the  Ca  surface  concentration  below  5  x  109 
at/cm2.  This  model  has  also  been  expanded 


Figure  7.  Experimental  results  [31]  and  the  model 
of  eq.  (4)  for  as  a  function  of  [Ca2+]  weight- 
concentration. 


to  describe  more  realistic  situations  with  differ¬ 
ent  metallic  contaminants  being  present  simulta¬ 
neously  [32]: 

_  KmAmC]  (5) 

USiOMi  1  +  Kh\R+]  +  Km,  [Mj+] 

This  work  contributes  to  the  design  of  an  op¬ 
timal  rinsing  processes  and  helps  to  specify  the 
required  metallic  purity  of  ultra  pure  water  sys¬ 
tems.  This  optimized  rinsing  has  been  imple¬ 
mented  in  the  imec  clean™  and  has  demon¬ 


Figure  8.  Ca-surface  concentration  as  a  function  of 
[Ca2+]  weight-concentration  for  pH  =  0  -  7  according 
to  eq.  (4). 


strated  to  yield  excellent  results  in  a  production 
line  over  an  extended  period  of  operation. 

5.  Cl  FOR  THIN  OXIDES 

Historically  Cl  has  been  introduced  in  the  oxi¬ 
dation  ambient  mainly  in  order  to  reduce  the  elec¬ 
tronic  instabilities  attributed  to  the  presence  of 
mobile  ions,  mainly  from  Na  but  also  to  reduce  of 
the  density  of  dielectric  breakdown  defects  [33,34] 
The  beneficial  effect  on  dielectric  integrity  of  thin 
gate  oxides  is  attributed  to  the  removal  of  residual 
metallic  contamination  (Fig.  9),  in  particular  Ca 
originating  from  the  wet  clean  (see  above)  or  from 
the  quartz  furnace  walls  in  particular,  [35].  In 
order  to  meet  the  stringent  future  gate-oxide  de¬ 
fect  density  requirements,  a  well  optimized  (wet) 
cleaning  process  should  be  used  in  combination 
with  the  in  situ  use  of  a  small  amount  of  Cl  dur¬ 
ing  oxidation.  Because  of  corrosion  problems,  as¬ 
sociated  with  the  direct  use  of  HC1  [5,37]  and  CI2, 
volatile  organic  chlorocarbon  precursors  such  as 
1,1,1-trichloroethane  (TCA)  C2H3CI3,  trans- 1,2- 
dichloroethylene  (DCE)  C2H2CI2  and  oxalyl  chlo¬ 
ride  (OC)  C2CI2O2  were  introduced. 

The  use  of  organic  Cl-precursors  becomes  more 
difficult  for  the  growth  of  ultra  thin  gate  oxides 
with  a  thickness  in  the  range  of  2  to  6  nm.  In 
order  to  obtain  good  thickness  control,  the  oxi- 
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K  Ca  Ti  Fe  Ni  Cu  W  A1 


Figure  9.  The  concentration  of  metals  remaining 
at  the  surface  or  in  the  grown  oxide  was  measured 
with  VPD  -  DC  -  TXRF/GFAAS,  directly  after 
contamination  as  well  as  after  growth  of  8  nm 
oxide  at  850°C  in  Cl-free  02  or  02  with  DCE  or 
OC  at  a  Cci-eq.  of  1  %  [36,35]. 


dation  time  cannot  be  too  short.  Therefore,  usu¬ 
ally  the  oxidation  is  performed  at  relatively  low 
temperature  (e.g.  650  to  800  °C)  using  an  ambi¬ 
ent  consisting  of  2  to  10  %  02  in  an  inert  filler 
gas,  such  as  N2.  These  processes  could  pose  dif¬ 
ficulties  for  the  use  of  chlorocarbon  precursors, 
namely  incomplete  combustion.  Under  such  cases 
TCA  and  particularly  DCE  are  known  to  result 
in  soot  formation.  Moreover  the  combustion  of 
those  two  precursors  should  preferably  take  place 
well  above  700°C. 

The  overall  combustion  chemistry  equilibrium 
of  TCA  and  DCE  is  very  similar  since  for  both 
molecules  the  number  of  hydrogen  atoms  equals 
the  number  of  Cl  atoms.  Under  oxidizing  ambi¬ 
ent,  such  as  used  in  typical  gate  oxidation  pro¬ 
cesses,  TCA  and  DCE  can  be  seen  as  direct  pre¬ 
cursors  for  HC1.  Only  a  fraction  of  the  HC1  is 
(further)  oxidized  to  form  Cl2  and  H20,  accord¬ 
ing  to  the  equilibrium  of  the  reaction  [33] : 

HC1  +  02  #  Cl2  -1-  H20  (6) 

In  case  of  OC,  all  Cl  is  transformed  into  Cl2  un¬ 
der  oxidizing  ambient  [38].  Cl2  and  not  HC1  is 
believed  the  active  species  [35].  Therefore  OC  is 
preferred  over  TCA  and  DCE  for  ultra  thin  oxide 
growth  as  it  will  require  less  oxygen  to  generate 
a  given  concentration  of  Cl2  (see  Fig.  10). 

A  process  has  been  demonstrated  for  growing 
oxides  in  the  range  of  3nm  based  on  OC  making 
use  of  a  conventional  oxidation  furnace.  Using 

oc  at  a  Cci-eq. of  only  °*05  to  °-3  %  yields  the 


Cl2-efficiency 


Figure  10.  The  stoichiometric  oxygen  demand  of 
the  Cl-precursor  reactions  under  consideration  as 
a  function  of  the  fraction  of  the  number  of  Cl 
atoms  transformed  into  Cl2  over  the  total  number 
of  Cl  atoms  in  the  system  [35] . 


same  performance  as  with  3  %  Cfci-eq.  HC1  (Table 

2). 

6.  CONCLUSIONS 

A  chemical  oxide  passivated  initial  surface  is 
preferred  because  of  its  higher  stability,  more 
robust  particle  performance  and  good  thickness 
control  for  the  growth  of  ultra  thin  oxides.  Col¬ 
umn  II  metals  were  found  to  be  most  detrimen¬ 
tal  with  respect  to  the  dielectric  quality  of  the 
gate  oxide.  Also  in  case  of  contamination  with 
Fe,  V  or  Co  significant  degradation  was  observed. 
The  imec  clean  results  in  very  good  cleaning  per¬ 
formance  at  low  chemical  and  water  consump¬ 
tion.  The  deposition  of  metals  such  as  Ca  on  hy¬ 
drophilic  wafer  surfaces,  during  the  final  rinse  can 
be  suppressed  by  spiking  minute  amounts  of  acid 
into  the  rinse  water.  For  growth  of  ultra  thin  gate 
oxides  or  for  in  situ  Cl  anneal,  the  process  is  per¬ 
formed  with  reduced  oxygen  concentration  and  at 
reduced  temperature,  severely  limiting  the  use  of 
common  organic  Cl-containing  precursor  such  as 
TCA  or  DCE.  It  is  demonstrated  that  under  such 
circumstances  the  use  of  small  amounts  of  oxalyl 
chloride  results  in  successful  removal  of  metallic 
contamination. 
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Table  2 


Overview  of  experimental  conditions  and  results  of  the  30  min  650°C  furnace  processes  [35].  The 
experimental  conditions  include  the  Cl-source  gas,  the  02  concentration  the  Cl-eq.  concentration  of  the 
Cl-source  and  the  O/Cl  ratio.  The  measured  responses  are:  the  thickness  of  the  grown  thermal  oxide, 
the  average  haze  lightscattering-fraction,  the  total  amount  of  carbon  present  in  the  thin  oxide  layer  and 


source  O2 

Cci-eq. 

t  Ox 

haze 

C  incorp. 

Ca 

reduc. 

Fe 

reduc. 

(%) 

(%) 

(nm) 

(ppm) 

(1013  at./cm2) 

(%) 

(%) 

2 

0 

1.5 

0.067 

0.016 

<  14 

<  21 

2 

0 

1.86 

0.066 

1.3 

0 

<  23 

HC1 

2 

3 

1.7 

0.067 

0.075 

85 

49 

HCl 

2 

3 

2.1 

0.066 

0.24 

>98 

61 

oc 

2 

0.3 

3.6 

0.080 

2 

>  98 

57 

on 

2 

0.05 

2.3 

0.067 

0.2 

>  98 

55 
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The  incorporation  of  C  into  strained  Si,.xGex  to  form  partially  compensated  Si,.x.yGexCy  layers  improve  their 
critical  thickness  and  thermal  stability  against  relaxation.  Thus,  these  ternary  alloys  are  attractive  for  ^realization 
of  MOS-gated  HFETs  with  the  gate  grown  by  thermal  oxidation.  For  this  purpose,  we  present  a  detailed  study  of  the 
growth  kinetics  of  Si02  in  the  thin  oxide  regime  for  tensile  and  compressive  layers.  The  oxides  tave  been  analyze 
by  FTIR.  The  modification  of  the  Si,.x.yGexCy  layers  after  oxidation  has  been  studied  by  FTIR  (substitutional 
carbon,  B-SiC  precipitation)  and  SIMS  (Ge  and  C  depth  profiles).  From  these  analyses,  suitable  process  windows  for 
dry  thermal  growth  of  oxides  with  good  quality  are  defined.  Preliminary  results  of  the  electrical  characterization 
performed  on  test  capacitors  are  shown. 


1.  INTRODUCTION 

At  the  present  time,  the  SiGe  HBT  technology  has 
matured  so  far  that  suitable  modules  for  integration 
into  mainstream  BiCMOS  technology  are  generally 
available.  A  SiGeC  HBT  is  presently  under 
development  and  will  probably  reach  the  market  before 
the  end  of  this  year.  The  main  advantages  of  the  SiGeC 
technology  rely  on  the  flexibility  in  growing  the  layers 
with  less  stress  and  the  suppression  of  Boron 
outdiffusion  from  the  base  [1].  Generally  speaking,  the 
success  of  SiGe  and  the  promising  future  SiGeC 
technologies  is  a  consequence  of  design  transparency 
with  conventional  CMOS.  Thus,  they  are  compatible 
with  further  improvements  in  CMOS. 

The  major  limiting  factor  in  CMOS  is  the  inferiority  of 
p-MOS  devices  in  terms  of  current  drive  capability  and 
speed  performance.  This  is  obviously  a  consequence  of 
the  lower  mobility  of  holes  than  electrons  in  Si.  The 
transistors  in  CMOS  have  thus  to  be  scaled  to  balance 
this  assymmetric  behavior. 

Theoretically,  it  is  known  that  strained  Sii_xGex  alloys 
grown  on  (100)  Si  could  have  in-plane  hole  mobilities 
significantly  greater  than  Si  (from  3  to  1 0  times  that  of 
Si  depending  on  x)  in  spite  of  the  alloy  fluctuation 
scattering  [2].  This  increase  is  attributed  to  the 
reduction  of  hole  effective  mass  coupled  with  strain- 
induced  heavy/light  hole  band  splitting.  Moreover,  the 
valence  band  offset  provides  hole  confinement. 


However,  up  to  date  experimental  results  have 
demonstrated  hole  mobilities  only  slightly  superior 
than  those  of  Si.  Nevertheless,  encouraging  results 
from  the  performance  point  of  view  have  been  reported 
from  SiGe  p-MOS-gated  MODFETs.  Impressive  hole 
mobilities  of  about  1665  cm2/Vs  at  room  temperature 
have  been  reported  recently  for  Sii_xGex  strained 
channels  grown  by  MBE  on  strain  relieved  buffers  of 
Sii.yGey  (x>y)  [3]. 

2.  OXIDATION  OF  IV-IV  STRAINED  LAYERS 

The  growth  of  a  high  quality  oxide  is  an  important 
prerequisite  before  attempting  the  fabrication  of  any 
MOS  related  device.  This  is  one  of  the  main 
technological  issues  that  are  at  stake  for  full  CMOS 
compatibility  of  Si^Ge,,  HFETs.  Other  issues  are  also 
related  to  the  large  thermal  budgets  imposed  by 
CMOS:  implant  activation  and  dopant  diffusion 
anneals.  The  limitation  of  Sii.xGex  strained  layers  come 
from  the  metastable  nature  of  the  alloys,  the  limited 
critical  layer  thickness  and  the  thermal  cycling  that  can 
induce  lattice  relaxation.  This  is  why  p-MOS  gated 
HFETs  have  been  processed  mainly  with  low 
temperature  plasma  deposited  oxides.  Other  alternative 
is  to  oxidize  a  Si  cap  layer,  but  this  procedure  has  been 
shown  to  lead  to  a  competing  parasitic  Si  channel. 
Within  this  scenario,  we  believe  that  the  use  of  Sii.x_ 
yGexCy  strained  layers  can  alleviate  some  of  these 
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problems:  i)  The  critical  thickness  increases  with  the 
addition  of  C  due  to  strain  compensation;  ii)  C 
incorporation  increases  the  stability  against  relaxation 
due  to  an  effective  dislocation  pinning  [4];  iii)  Indeed, 
post-growth  moderate  annealings  at  800  °C  have  been 
shown  effective  to  improve  crystal  quality  [5];  iv) 
Finally,  as  stated  above,  C  completely  freezes  B 
outdiffiission  from  the  doped  regions  even  after  high 
thermal  budgets.  On  the  contrary,  the  drawback  is  still 
a  thermal  budget  one:  high  temperature  anneals  (let’s 
say  T>950  °C)  degrade  the  integrity  of  the  Sii_x_yGexCy 
layers  by  inducing  P-SiC  precipitation  at  the  expense 
of  the  substitutional  carbon  content,  Cs.  But 
precipitates  are  coherent  with  the  matrix,  formation  of 
dislocations  is  negligible  and  the  in-plain  lattice 
parameter  remains  constant  [10].  Thus,  relaxation  in 
Sii.x.yGexCy  is  not  a  mechanical  process  like  in  Sq. 
xGex,  but  a  chemical  driven  one  without  crystal 
degradation. 

We  have  focused  this  work  in  exploring  the  dry 
oxidation  behavior  of  Sii„x.yGexCy  strained  alloys  as  a 
first  step  towards  defining  their  ability  to  become  a 
suitable  material  for  the  fabrication  of  MOS-gated 
HFET  devices.  We  report  reliable  dry  oxidation 
kinetics  of  IV-IV  compounds  in  the  thin  oxide  regime. 
The  structural  modification  of  the  Sii_x_yGexCy  layer 
below  the  oxide  after  the  oxidation  process  is  studied  in 
detail.  Finally,  the  quality  of  the  oxide  and  the  interface 
is  assessed  from  the  structural  and  electrical  point  of 
view. 

3.  EXPERIMENT  AND  OXIDATION  KINETICS 

Epitaxial  fully  strained  layers  of  Si,  Sii.xGex,  Sii_yCy 
and  Sii_x_yGexCy  (x=0.05-0.10,  y=6.0025-0.017)  of 
about  250  nm  thick  have  been  grown  at  400  °C  in  a 
Molecular  Beam  Epitaxy  (MBE)  system  (DCA 
Instruments)  on  100  nm  thick  silicon  buffer  layers 
grown  on  (100)  silicon  wafers.  Details  can  be  found 
elsewhere  [1,6].  All  the  subsequent  cleaning,  oxidation 
and  annealing  procedures  were  performed  in  a  class 
100  clean  room  facility.  Prior  to  oxidation  all  the 
samples  were  submitted  to  the  standard  piranya 
cleaning  (H2S04:H202)  followed  by  a  dip  into  HF 
(10%)  to  get  rid  of  the  chemical  and  native  oxides.  The 
dry  oxidations  were  performed  in  a  rapid  thermal 
furnace  at  temperatures  between  900  °C  and  1100  °C 
for  times  long  enough  to  get  oxides  with  thicknesses 
distributed  from  few  tens  of  A  to  few  hundreds  of  A 
(thin  oxide  regime). 


Several  studies  on  wet  and  dry  oxidation  of  Sii_xGex 
layers  have  been  reported  in  the  past  [7].  There  was  a 
consensus,  and  still  there  is,  on  the  idea  that  Ge 
enhances  wet  oxidation  rate  in  comparison  with  that  of 
pure  Si.  The  stoichiometry  of  the  oxides  is  always  Si02 
for  temperatures  above  700  °C  and  the  oxidation  front 
rejects  all  the  Ge,  that  piles  up  at  the  interface  Si02/ 
Sii.xGex.  On  the  contrary,  the  same  authors  claimed 
that  dry  oxidation  kinetics  of  Si  and  Sii_xGex  is 
identical,  even  though  they  also  observed  pile  up  of  Ge 
at  the  interface.  Legouges  et  al.  [7]  have  tentatively 
explained  this  discrepancy  by  considering  that  in  wet 
oxidation  (in  the  linear  regime)  the  compressively 
strained  Ge  rich  layer  relaxes  reducing  the  stress 
between  the  oxide  and  the  substrate.  As  the  oxidation 
front  advances  very  fast,  the  formation  of  Si 
interstitials  is  prevented  and  the  oxidation  rate 
increases.  No  clear  explanation  is  still  available  for  the 
different  behavior  during  dry  oxidation.  On  the 
contrary,  Tetelin  et  al.  [8]  have  found  recently  that  Ge 
enhances  oxidation  rate  for  low  temperature  atomic 
oxygen  oxidation  of  Sii_xGex. 

Only  a  few  workers  have  studied  the  oxidation 
behavior  of  carbon  containing  Sii_x_yGexCy  and  Sii_yCy 
strained  layers.  Wet  oxidations  of  Sii_yCy  strained 
layers  have  been  reported  by  us  in  previous  papers  [6]. 
We  found  that  concentration  of  C  up  to  2%  does  not 
affect  the  wet  oxidation  rate.  Most  of  the  C  of  the 
initial  layer  is  consumed  due  to  reaction  at  the  interface 
and  outdiffusion  as  CO,  although  some  carbon 
remained  pinned  at  the  interface  in  the  form  of  C-O 
and  clustered  C-C.  Regarding  Sq.x.yGexCy,  Atzmon  et 
al.  [9]  studied  wet  oxidation  at  900  °C  and  reported  Ge 
pile  up.  Xiang  et  al.  [10]  studied  dry  oxidation  of  Sii_x_ 
yGexCy  at  1000  °C  and  found  Ge  pile  up  but  no  traces 
of  C  in  the  oxide.  Neither  of  them  reported  data  on  dry 
oxidation  kinetics. 

Our  experiments  have  shown  that  the  measurement  of 
oxide  thickness  by  ellipsometry  is  somehow  tricky.  If 
one  relies  on  the  refractive  index  of  the  substrate 
measured  before  oxidation,  the  resulting  dry  oxidation 
kinetics  does  not  depend  on  Ge  and/or  C  concentration 
(details  in  [1 1]).  Then,  the  only  way  to  obtain  a  reliable 
kinetics  is  to  etch-off  part  of  the  oxide  and  measure  the 
complex  refractive  index  of  the  substrate  after 
oxidation  (there  is  a  significant  increase  in  n  and  k). 
Then,  by  proceeding  this  way,  we  obtain  the  dry 
oxidation  kinetics  shown  in  Fig.  1 .  It  is  noticed  a  strong 
dependence  on  Ge  and  C.  The  Si02  thicknesses  agree 
with  HREM  results  [11]. 
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Fig.  1.  Dry  oxidation  kinetics  at  1000  °C. 


The  modification  of  the  complex  refractive  index  of  the 
substrate  after  oxidation  is  unambiguously  linked  with 
the  rejection  of  Ge  from  the  oxidation  front  and  the 
always  reported  piling-up  of  Ge  at  the  interface.  The 
substrate  is  enriched  of  Ge  in  a  region  of  200-400  A. 
The  sample  with  10%  of  Ge  has  up  to  18%  at  the 
interface  (Fig.  2).  Carbon  does  not  pile-up  but  rather  is 
consumed  during  oxidation.  A  small  amount  of  C 
remains  pinned  at  the  interface,  the  same  as  reported 
previously  by  us  in  Sii_yCy  [6]. 


Fig.  2.  SIMS  profiles  after  oxidation  at  1000  °C. 


The  dry  oxidation  kinetics  of  Fig.  1  demonstrate  that:  i) 
Ge  acts  as  a  “catalyzator”  in  both  wet  and  dry 
oxidation;  ii)  Sij.yCy  layers  are  much  more  difficult  to 
oxidize  so  C  inhibits  dry  oxidation;  iii)  The  partially 
compensated  Sii.x.yGexCy  layers  (Ge/C=20)  behave  as 
Sii.yCy  for  short  oxidation  times,  overpasse  afterwards 
the  Si  kinetics  and  behave  assimptotically  as  Sii_xGex 
for  relatively  long  oxidation  times.  In  the  light  of  the 
old  models  for  wet  oxidation  [7],  dry  oxidations  results 
in  i)  and  ii)  are  easily  explained.  The  compressive  Ge- 
|  rich  Sii.xGex  layer  at  the  interface  partially  relaxes. 

Then,  Ge  affects  the  point  defect  concentration  near  the 
I  oxidizing  interface,  changing  the  mechanism  from 

|  excess  Si  interstitial  production,  which  occurs  for  pure 

Si  oxidation,  to  excess  vacancy  production  via 


interdiffusion  between  Si  and  Ge.  This  has  the  result  of 
promoting  easier  diffusion  of  Si  through  the  Ge- 
enriched  layer.  Furthermore,  Ge-Ge  bonds  (2.86  eV) 
and  Si-Ge  bonds  (3.12  eV)  are  weaker  than  Si-Si  bonds 
(3.30  eV).  Thus,  even  if  some  Ge02  is  formed  during 
oxidation,  the  reaction  Ge02+Si->Si02+Ge  is 
thermodynamically  biased  to  the  right  because  of  the 
great  differences  between  Gibbs  energy  of  formation  of 
both  oxides  (at  1000  °C  is  AGSi02-AGGeo2=  -299.1 
kJmol'1).  In  fact,  Ge02  is  unstable  and  the  great 
interdiffusion  and  the  complete  miscibility  between  Si 
and  Ge  can  account  for  the  fast  kinetics  of  Fig.  1.  The 
retardation  that  C  imposes  to  oxidation  is  explained  by 
just  putting  the  same  argument  the  other  way  round. 
The  tensile  Sii_yCy  layer  does  not  help  at  all  to  relax  the 
compressive  stress  of  the  oxide  and  Si  interstitials  in 
excess  are  generated  and  diffuse  down.  The  strong  Si-C 
bond  (4.51  eV)  and  the  very  low  solubility  of  C  in  Si 
and  Sii.xGex  limit  interdiffusion  and  the  result  is  the 
slow  down  of  kinetics. 

The  Sii_x_yGexCy  oxidation  kinetics  can  be  easily 
understood  as  well.  We  have  stated  above  that  if  a  high 
thermal  budget  is  applied  to  the  Sii_x_yGexCy  layers,  P- 
SiC  precipitates  are  formed.  We  have  shown  this  effect 
to  occur  in  oxidation  of  Sii_yCy  layers  [6].  At  the  initial 
step  of  oxidation,  the  Cs  content  slows  down  the 
oxidation  rate.  But  as  oxidation  proceeds,  more  Cs  is 
lost  into  P-SiC  and  the  Sii_x_yGexCy  layers  will 
eventually  behave  as  Sii_xGex.  The  next  section  is 
devoted  to  quantify  by  FTIR  this  effect. 

4.  FTIR  ANALYSIS  OF  THE  Si02/  Sii.x.yGexCy 

Infrared  spectroscopy  has  allowed  us  to  perform  a 
detailed  analysis  of  the  Si02/  Si!_x.yGexCy  system.  The 
oxide  is  characterized  from  its  strong  absorption  modes 
(TO1-TO4).  After  the  oxide  is  etched-off,  the  Cs  local 
vibrational  mode  (LVM)  at  607  cm'1  serves  to  quantify 
(by  using  the  ASTM  standard)  the  substitutional  carbon 
content  of  Sii_x_yGexCy.  Moreover,  the  absorption  peak 
of  P-SiC  at  820  cm'1  is  used  to  quantify  the  amount  of 
precipitates  (for  a  full  description  of  FTIR  analyses  see 
[6]).  HREM  has  also  been  used  to  quantify 
independently  the  amount  of  P-SiC  precipitates.  They 
are  scattered  within  the  whole  volume  of  Sii_x.yGexCy 
and  have  a  mean  diameter  of  25  A  with  a  standard 
deviation  of  8  A.  The  inset  of  Fig.  3  shows  the  T03- 
T04  absorp-tion  peaks  of  oxides  grown  at  1000  °C. 
The  infrared  spectra  of  Si,  Sii_xGex  and  Sii_x_yGexCy 
oxides  are  remarkably  similar. 
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Fig.  3.  T03  absorption  mode  of  Sii_x_yGexCy  oxides. 


From  the  optical  and  vibrational  point  of  view,  the 
quality  is  much  better  than  that  for  deposited  or  low 
temperature  oxides.  The  compressive  stress  in 
thermally  grown  oxides  is  well  known  and  intimately 
related  to  the  mechanism  of  oxidation.  The  position  of 
the  T03  band  is  used  to  quantify  the  degree  of 
relaxation  for  oxides  of  similar  thickness.  From  Fig.  3 
we  can  notice  an  increase  of  T03  position  with 
thickness  for  all  the  samples.  This  is  expected,  as  for 
thicker  layers  the  upper  part  of  the  oxide  relaxes  by 
viscous  flow  and  the  thickness  of  the  compressively 
stressed  region  is  smaller  in  percentage.  But  by  far  the 
most  interesting  result  is  that  Sii_xGex  and  Sii_x_yGexCy 
oxides  are  significantly  more  relaxed  than  Si  oxide. 
The  T03  frequency  of  them  is  5-6  cm'1  higher  in  the 
low  thickness  range.  Indeed,  this  is  in  agreement  with 
the  model  reported  above  of  a  relaxed  transition  region. 
For  the  thinnest  oxide  Sii_xGex  is  more  relaxed  due  to 
the  absence  of  C.  But  the  curve  for  Sii_x_yGexCy 
overpasses  the  one  for  Sii.xGex  at  certain  thickness  and 
increases  afterwards  with  higher  slope.  With  no  doubt 
this  behaviour  is  connected  with  the  more  effective 
relaxation  of  Sii_x_yGexCy  by  (3-SiC  precipitation. 

Part  of  the  oxide  was  etched-off  to  perform  FTIR 
analyses  on  the  layer  below  the  oxide.  This  allowed  us 
to  quantify  the  loss  of  Cs  (from  LVM  at  607  cm'1)  as  a 
function  of  the  thermal  budget  imposed  by  the 
oxidation.  The  results  are  in  Fig.  4,  where  the  vertical 
scale  is  referred  to  the  100%  of  the  initial  concentration 
(0.5%).  These  results  suggest  that  for  minimizing  Cs 
loss,  oxidation  temperature  must  be  low.  From  the  inset 
of  this  Fig.  4  is  clear  that  loss  of  Cs  correlates  with  an 
increase  of  absorption  by  P-SiC  precipitates.  We  do  not 
know  whether  these  precipitates  affect  electrical 
properties.  Quantification  of  C  in  the  form  of  P~SiC  has 
been  performed  from  FTIR  and  HREM.  We  estimate 
that  about  50%  of  the  Cs  lost  is  in  the  form  of  p-SiC. 

5.  ELECTRICAL  CHARACTERIZATION 


Fig.  4.  Relative  Cs  loss  and  P-SiC  absorption  (inset). 

MOS  capacitors  have  been  fabricated  with  low  thermal 
budget  sequence.  We  chose  a  conservative  approach  so 
that  composition  and  stability  of  epilayers  was  not 
compromised.  PECVD  oxide  was  deposited  for 
isolation  and  Al  for  electrodes.  But,  due  to  the  PECVD 
oxide,  all  the  samples,  even  the  Si  ones,  exhibited  a 
leaky  behavior  that  prevented  measurement  of  quasi¬ 
static  curves.  But  some  trends  were  inferred  from  the 
high-low  frequency  C(V)  curves.  The  epilayers  were 
grown  on  1015cm'3  n-type  Si.  We  find  Si  and  Sii_xGex 
have  underdoping  (4xl014cm3).  But  the  samples  conta¬ 
ining  C  exhibited  a  huge  doping  level  (10,8-1019cm'3). 
Sb.yCy  shows  the  highest  (9xl018cm-3)  while  samples 
with  Ge  and  C  show  less  but  still  high.  Regarding  VFB, 
Sii_xGex  tends  to  give  negative  values  while  C  contri¬ 
butes  with  positive  pointing  out  opposite  sign  of  fixed 
charge.  We  found  Dit=5xl0n  cm^eV"1  for  Sii_xGex 
oxide,  10  times  that  of  Si  oxide.  High  Rs  and  doping 
level  of  samples  with  C  made  the  C(V)'s  meaningless. 
As  a  conclusion,  the  dry  oxidation  kinetics  of  IV-IV 
compounds  has  been  revealed.  Ge  is  rejected  and  C 
outdiffuses  but  some  C  remains  at  interface.  A  low 
thermal  budget  process  must  be  optimized. 
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This  study  reports  on  n-channel  MOS  transistors  using  very  thin  oxynitride  gate  dielectrics  deposited  by 
Low-Pressure  Rapid  Thermal  Chemical  Vapor  Deposition  (LPRTCVD).  The  threshold  voltage,  the 
transconductance,  the  fast  and  slow  trap  densities,  the  low  field  mobility  and  its  reduction  factors  have  been 
investigated  as  a  function  of  the  nitrogen  concentration  in  the  film.  The  threshold  voltage  was  found  to  decrease 
linearly  with  the  nitrogen  concentration,  primarily  because  of  the  increase  of  the  positive  insulator  charge 
density.  At  the  same  time,  it  has  been  shown  that  the  quadratic  mobility  reduction  factor  is  lower  for  a 
LPRTCVD  oxynitride  (and  nearly  constant  with  the  nitrogen  concentration)  in  comparison  to  a  thermal  oxide. 
From  this  high  field  mobility  attenuation,  a  lower  transconductance  is  then  expected  for  oxynitride-based 
transistors.  Finally,  we  have  shown  that  the  presence  of  nitrogen  in  the  oxide  seems  to  induce  more  donor  than 
acceptor  traps  at  the  oxynitride-silicon  interface. 


1.  INTRODUCTION 

Increasing  the  level  of  integration  in  present 
technologies  requires  the  use  of  MOS  devices  with 
thinner  and  thinner  gate  oxides.  Oxynitrides  are  one 
of  the  most  extensively  studied  alternative  ultrathin 
gate  dielectrics  for  very  large  scale  integrated 
(VLSI)  circuits.  Oxynitrides  formed  by  Low 
Pressure  Rapid  Thermal  Chemical  Vapor  Deposition 
(LPRTCVD)  present  several  advantages  when 
compared  with  silicon  dioxide,  such  as  radiation 
hardness,  larger  barrier  to  impurity  diffusion  as  well 
as  a  reduction  of  mobility  attenuation  at  high 
electrical  field  [1-3].  The  aim  of  this  work  is  to 
investigate  the  electrical  properties  of  thin  gate 
dielectrics  (5-7  nm)  in  n-channel  MOS  transistors  as 
a  function  of  the  nitrogen  concentration.  The  main 
electrical  parameters  (threshold  voltage,  low-field 
mobility)  as  well  as  the  slow  trap  and  interface  trap 
densities,  respectively  extracted  from  low  frequency 
noise  and  charge  pumping  measurements,  have  been 
studied.  The  correlation  between  these  two 
techniques  has  been  also  investigated. 


2.  TECHNOLOGICAL  DETAILS 

Isolated  enhancement  mode  n-channel  MOS 
transistors  have  been  fabricated  on  p-type  (0.05-1 
Q.cm)  <100>  silicon  substrate  with  phosphorus- 
doped  poly  silicon  gate.  The  oxynitride  films  were 
deposited  in  a  cold  wall  LPRTCVD  system  by 
using  a  mixture  of  SiH4,  N20  and  NH3  at  800  °C. 
The  nitrogen  concentration,  determined  from 
Secondary  Ion  Mass  Spectroscopy  (SIMS)  analysis, 
is  varying  from  0  %  up  to  11  %.  In  addition, 
nitrogen  has  been  found  to  be  homogeneously 
distributed  in  the  bulk  of  the  oxide  [2].  Reference 
devices  with  thermal  gate  oxide  grown  at  900  °C 
under  dry  atmosphere  have  been  also  fabricated. 

3.  RESULTS  AND  DISCUSSION 

All  electrical  parameters  reported  in  the  present 
paper  have  been  determined  on  n-channel 
MOSFETs  with  W/L  =  10/3  pm.  The  initial 
electrical  parameters  of  these  devices  have  been 
previously  investigated  [4]. 
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Nitrogen  concentration  (at.  %) 


Fig.  1 .  Experimental  evolution  of  the  threshold  voltage  (a) 
and  the  low  field  electron  mobility  (b)  versus  nitrogen 
concentration  in  the  gate  dielectric. 

3.1.  Threshold  voltage  and  low  field  mobility 

As  usually  reported  [8],  the  fixed  charges  present 
in  the  dielectric  have  been  found  positive.  The  linear 
decrease  of  the  threshold  voltage  (VT),  shown  in  Fig. 
l.a,  suggests  that  the  nitrogen  incorporation  in  the 
oxide  results  in  a  large  amount  of  positive  charges 
(Qox)  which  dominate  the  opposite  contribution  of 
interface  traps.  Indeed,  these  traps  are  negatively 
charged  in  strong  inversion  and  for  a  n-channel 
MOSFET  (the  acceptor  and  donor  trap  charges  are 
negative  and  neutral  respectively).  For  a  p-channel 
MOSFET,  in  strong  inversion  regime,  the  charge 
due  to  interface  traps  is  positive,  accentuating  the 
decrease  of  VT  [2,  fig.  8]. 

The  extraction  of  Qox  has  been  performed  from 
the  MOSFET  IDS(VGS)  characteristics  in  weak 
inversion  regime  by  determining  the  value  of  the 
gate  potential  when  the  semiconductor  surface  is 
between  the  depletion  and  weak  inversion  regimes 
(midgap  voltage  Vmg).  This  particular  voltage 
corresponds  to  a  neutral  charge  into  the  interface 
traps  if  we  assume  that  these  states  are  acceptors  in 
the  upper  part  of  the  bandgap  and  donors  in  the 
lower  part.  The  extracted  values  of  Qox  variations 
(AQ0X)  present  a  linear  dependence  with  VT,  as 
previously  shown  in  Ref.  [8]. 

Fig.  l.b  shows  the  evolution  of  the  low  field 
mobility  (p0)  with  the  nitrogen  concentration  in  the 
gate  dielectric.  This  quasi-linear  decrease  of  |i0  is 
due  to  the  increase  of  the  charge  density  near  the 
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Fig.  2.  Evolution  of  the  linear(a)  and  quadratic  (b) 
mobility  reduction  factors  versus  nitrogen  concentration. 
The  dot  lines  underline  the  evolution  of  0i  and  02- 

conduction  channel  and  also  to  the  (linear)  increase 
of  Qox  versus  nitrogen  concentration  [10]. 

As  presented  in  Fig.  l.b,  the  decrease  of  n0  is 
more  pronounced  for  nitrogen  concentration  range 
between  3  and  4  %.  This  phenomenon  cannot  be 
explained  on  the  electrical  point  of  view,  even  if  it 
was  reported  in  numerous  studies  [3]  that  a  nitrogen 
concentration  in  the  range  of  3-4  %  represents  a 
good  compromise  between  dielectric  quality 
improvement  in  terms  of  impurity  diffusion  or  stress 
resistance  and  transistor  characteristic  degradation 
(charge  density,  threshold  voltage,  etc.) 

3.2.  Mobility  reduction  factors 

The  linear  (0,)  and  quadratic  (02)  mobility 
reduction  factors  are  respectively  attributed  to  the 
coulombic  and  roughness  scattering  [11].  The 
decrease  of  0|  with  nitrogen  concentration,  shown  in 
Fig.  2.a,  can  be  interpreted  as  an  increase  of  the 
charge  density  near  the  conduction  channel.  This 
result  confirms  the  increase  of  both  the  oxide  charge 
and  the  interface  trap  density  with  the  nitrogen 
concentration.  It  also  confirms  the  evolution  of  VT. 

Fig.  2.b  shows  a  slight  increase  of  02  with  the 
nitrogen  concentration.  In  the  case  of  LPRTCVD 
oxynitrides,  we  notice  a  very  low  value  of  02  by 
comparison  of  thermal  oxide.  Such  a  result  suggests 
that  the  presence  of  nitrogen  at  the  dielectric-silicon 
interface  mav  reduce  the  stress  and  consequently  the 
interface  roughness,  or  has  a  similar  action  on  the 
transport  of  the  carriers. 
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Fig.  3.  Normalized  channel  transconductance  (with  respect 
to  oxide  capacitance  and  channel  geometry)  as  a  function 
of  the  gate  voltage. 

3.3.  Channel  transconductance 

The  presence  of  nitrogen  atoms  in  the  oxide  is 
well  known  to  improve  the  transconductance  gm  at 
high  electric  field  [3].  Fig.  3  shows  the  normalized 
transconductance  as  a  function  of  the  gate  voltage 
for  different  devices.  From  this  data,  we  can  observe 
that  oxynitrides  present  a  lower  maximal 
transconductance  (gmmax)  as  compared  to  thermal 
oxide.  Moreover,  as  evidenced  for  p0  in  the  case  of 
oxynitrides,  we  point  out  the  same  fast  decrease  of 
gmmax  between  3  and  4  %  of  nitrogen  in  the  film. 
Finally,  the  decrease  of  gm  is  found  slower  at  high 
electric  field  for  oxynitrides  than  for  thermal  oxide. 
This  result  is  in  good  agreement  with  the  value  of  02 
which  has  been  found  lower  and  sensibly  constant 
with  the  nitrogen  concentration  for  the  oxynitrides. 

3.4.  Fast  and  slow  trap  densities 

The  fast  and  slow  trap  densities  at  or  near  the 
dielectric-silicon  interface  have  been  respectively 
determined  by  charge  pumping  (CP)  and  low 
frequency  (1/f)  noise.  In  its  standard  (2-level) 
implementation,  the  first  technique  gives 
quantitative  information  about  the  fast  interface  trap 
density  (Dit)  [12]  whereas  the  3-level  method  is  used 
to  extract  the  energy  distribution  Dit(E)  of  the 
interface  traps  in  the  silicon  bandgap  [7].  The 
second  technique  allows  the  determination  of  the 
energy  trap  volume  density  (Nj)  at  ~1  nm  from  the 
interface  and  for  traps  energetically  located  at  a  few 
kT  around  the  Fermi  energy  level  in  strong  inversion 
regime  [13]. 


Fig.  4.  Correlation  between  the  variations  of  slow  trap 
density  and  fixed  oxide  charge. 

The  variation  of  the  slow  trap  density  (ANt) 
versus  the  variation  of  the  fixed  oxide  charge  (AQ0X) 
are  shown  in  Fig.  4.  The  good  correlation  between 
AQ0X  and  ANt  highlights  a  possible  common  origin 
for  these  quantities. 

Another  result  concerns  the  mean  fast  trap 
density  (Dit)  which  has  been  found  to  be  linear  with 
nitrogen  concentration  [8].  In  Fig.  5,  the  correlation 
between  the  slow  traps  density  and  the  interface 
traps  density  shows  a  good  linearity.  That  suggests 
an  underlying  link  between  the  number  of  traps  in 
the  volume  and  at  the  interface  of  the  dielectric.  In 
an  other  way,  an  increase  of  trap  density  in  the 
dielectric  is  followed  by  a  proportional  increase  of 
interface  traps  and  also  by  an  increase  of  the  fixed 
oxide  charge,  as  clearly  shown  in  Fig.  4. 


Fig.  6.  Correlation  between  interlace  trap  and  slow  trap 
densities. 
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Fig.  6.  Interface  trap  energy  distribution  in  the  silicon 
bandgap  determined  by  three-level  charge  pumping  as  a 
function  of  the  gate  dielectric. 

Finally,  the  variation  of  the  interface  state 
density  with  the  nitrogen  concentration,  as  deduced 
from  3-level  charge  pumping,  is  shown  in  Fig.  5. 
Assuming  acceptor  interface  traps  in  the  upper  part 
of  the  bandgap  and  donors  traps  in  the  lower  part, 
data  show  that  the  presence  of  nitrogen  in  the  oxide 
seems  to  induce  more  donor  than  acceptor  traps. 
This  results  in  an  asymmetry  of  the  energy-resolved 
Dit  distribution,  as  already  observed  in  previous 
work  using  capacitance-voltage  measurements  [14]. 

4.  CONCLUSION 

In  this  paper,  n-channel  MOS  transistors  using 
oxynitride  films  deposited  by  low-pressure  RTCVD 
as  gate  dielectric  have  been  studied.  We  have  shown 
that  the  threshold  voltage  of  the  devices  decreases 
linearly  with  the  nitrogen  concentration.  Such  a 
behavior  has  been  interpreted  as  the  direct 
consequence  of  the  increase  of  the  fixed  charge  in 
the  film  induced  by  nitrogen.  Moreover,  we  have 
established  that  the  low  field  mobility  rapidly 
decreases  with  varying  nitrogen  concentration  from 
3  to  4  %.  In  addition,  this  work  shows  that  the 
quadratic  mobility  reduction  factor  is  lower  for  a 
LPRTCVD  oxynitride  (and  relatively  constant 
versus  the  nitrogen  concentration)  than  for  a  thermal 
oxide.  This  important  difference  is  certainly  at  the 
origin  of  the  lower  decrease  of  gm  at  high  electric 
field  for  the  oxynitrides,  by  comparison  to  the  rapid 
degradation  observed  in  the  case  of  the  thermal 


reference  oxide.  Results  also  show  that  the  oxide 
fixed 

charge,  the  interface  and  the  volume  trap  densities 
linearly  increase  with  the  nitrogen  concentration  in 
the  oxide.  Finally,  we  have  established  that  nitrogen 
in  the  oxide  induces  more  donor  than  acceptor  traps 
at  the  oxide-silicon  interface. 
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The  effects  of  radiation  on  H+  transport  in  buried  oxides  have  been  studied.  MobiteH  was  introduced  into  the 
buried  oxides  in  SIMOX  and  Unibond  by  hydrogen  annealing.  The  position  of  the  H+  centroid  was  monitored  by 
rapid  point-contact  transistor  measurements.  After  irradiation,  H+  transit  across  the  oxide  is  significantly  slower. 
The  concentration  of  mobile  H+  in  the  oxide  remains  nearly  the  same  after  irradiation.  The  significance  of  these 
findings  to  the  contradictions  between  the  radiation  and  hydrogen-annealing  models  are  discussed. 


1.  INTRODUCTION 

Despite  three  decades  of  study,  recent 
experiments  have  shown  that  our  understanding  of 
the  interactions  between  hydrogen  and  ionizing 
radiation  in  MOS  systems  is  far  from  complete.  In 
particular,  recent  experiments  studying  hydrogen- 
annealed  buried  oxides  by  Vanheusden  et  al  [1] 
challenge  the  hydrogen-based  model  for  radiation- 
induced  interface  state  formation  by  McLean  [2]. 
Both  the  hydrogen-annealing  and  radiation  models 
rely  on  the  same  IT  entity.  However,  the  properties 
attributed  to  H+  are  different  in  the  models  [3,  4]. 

The  radiation  model  is  based  on  the  results  of 
pulse  irradiation  studies  and  explains  the  buildup  of 
radiation-induced  interface  states.  The  mechanism 
for  the  buildup  is  a  multi-step  process  in  which  H+  is 
created  during  the  pulse,  drifts  to  the  Si/Si02 
interface  and  reacts  to  form  interface  states.  This 
model  successfully  describes  how  the  time 
dependence  of  the  interface  state  buildup  depends  on 
physical  parameters  including  electric  field,  oxide 
thickness  and  temperature  [5].  A  prominent  feature 
of  the  model  is  that  the  rate-limiting  step  is  the 
transport  of  H+  from  the  bulk  of  the  oxide  to  the 
Si/Si02  interface.  Another  feature  is  that  most  of  the 
H+  reacts  at  the  interface  forming  interface  states. 

The  radiation  model  is  very  consistent  with 
experiments  in  which  interface  states  are  formed  by 
introducing  atomic  hydrogen  into  undamaged  oxides 
[6]  and  with  experiments  in  which  interface  state 
formation  is  caused  by  introducing  molecular 
hydrogen  into  irradiated  MOSFETs  [7].  The 
radiation  model  is  also  consistent  with  hot-electron 
studies  that  concluded  that  damage  within  the  oxide 


bulk  and  at  the  Si/Si02  interface  is  due  to  hydrogen 
released  by  the  hot  electrons  [8]. 

While  the  evidence  for  the  radiation  model  is 
very  compelling,  recent  hydrogen  annealing 
experiments,  which  are  equally  persuasive,  have 
attributed  different  characteristics  to  the  same  H+ 
entity.  Annealing  oxides,  such  as  in  Unibond  and 
SIMOX,  in  hydrogen  between  500  and  800  °C 
introduces  mobile  positive  charge  that  has  been 
attributed  to  H*  [1].  The  same  effect  has  been 
observed  in  thermal  oxides  that  have  been  covered 
by  polysilicon  and  annealed  at  1100  to  1200  °C  [9]. 
The  characteristics  attributed  to  H+  in  these 
experiments  are  different  from  the  characteristics 
derived  from  the  radiation  model.  In  the  hydrogen¬ 
annealing  model,  H+  is  very  stable  and  does  not  react 
at  Si/Si02  interfaces.  In  most  oxides,  it  can  be 
repeatedly  cycled  between  the  Si/Si02  interfaces 
without  reacting  or  being  trapped  [4].  Its  field- 
induced  drift  through  the  oxide  is  three  orders  of 
magnitude  faster  than  the  H+  drift  derived  from  the 
radiation  experiments  [3,  4]. 

Previous  studies  also  suggest  possible 
resolutions  to  the  discrepancies  between  the  two 
models.  Our  previous  work  has  shown  that  H 
trapping  and  transport  is  strongly  affected  by 
process-induced  defects  [4].  The  question  arises 
about  the  effects  of  radiation-induced  defects  on  H+ 
transport.  It  is  also  known  that  irradiation  affects  the 
reactivity  of  molecular  hydrogen  in  silicon  dioxide 
[7].  Before  irradiation  H2  is  inert  at  room 
temperature  whereas  after  irradiation  H2  introduced 
into  the  oxide  reacts  and  forms  interface  states. 

In  this  paper,  the  effects  of  radiation  on  H+ 
transport  and  on  its  reactivity  at  the  Si/Si02 
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interfaces  are  addressed  for  Unibond  and  triple- 
implant  SIMOX.  The  transport  time  can  be 
increased  by  an  order  of  magnitude  at  relatively  low 
irradiation  dose  (10-20  krad(Si02)).  This  increase  is 
sensitive  to  the  irradiation  bias  and  to  defects  present 
before  the  irradiation.  The  increase  provides  a 
possible  resolution  to  the  vastly  different  transit 
times  ascribed  to  H+  by  the  radiation  and  hydrogen¬ 
annealing  models.  However,  the  discrepancy 
concerning  the  reactivity  of  H+  at  the  Si/Si02 
interfaces  remains.  H+  reactivity  is  not  noticeably 
changed  after  irradiation  and  the  amount  of  mobile 
it  is  nearly  the  same  before  and  after  irradiation. 

2.  EXPERIMENTAL  DETAILS 

Hydrogen  transport  in  Unibond  and  triple¬ 
implant  SIMOX  material  was  examined.  Unibond  is 
made  by  a  wafer-bonding  process  in  which  a 
thermally  grown  oxide  becomes  the  buried  oxide. 
After  bonding,  the  bond  is  strengthened  by  annealing 
at  1100  °C.  The  SIMOX  had  two  oxygen  doses  of 
0.5x1 018/cm2  and  a  third  dose  of  0.5x1 018/cm2.  It 
was  annealed  at  1325  °C  after  each  dose. 

Structures  for  point-contact  transistor 
measurements  [10]  were  made  by  forming  0.8  mm 
diameter  islands  in  the  top  silicon  layer.  The  islands 
were  fabricated  by  masking  the  surface  with 
aluminum  dots,  etching  the  silicon  layer  in  hydrazine 
and  then  removing  the  aluminum. 

Mobile  positive  charge  was  introduced  by 
annealing  at  700  °C  in  H2  for  30  minutes.  During 
the  cool  down,  the  hydrogen  was  left  flowing  until 
the  sample  temperature  was  below  200  °C. 

After  H2  annealing,  devices  were  irradiated 
with  x-rays  from  a  tungsten  tube. 

The  position  of  the  it  centroid  was  monitored 
by  rapid  I-V  measurements  of  the  point-contact 
transistors.  In  these  measurements,  the  wafer 
substrate  serves  as  the  gate  and  probes  contacting  the 
islands  in  the  top  silicon  layer  act  as  the  source  and 
drain.  The  voltage  near  midgap,  Vmidgap,  is  used  to 
measure  the  oxide  charge.  The  charge  is  sensed 
from  the  top  Si/Si02  interface  and  since  the  amount 
of  charge  is  known  to  be  constant[4],  the  centroid 
can  be  determined.  I-V  measurements  were  chosen 
because  it  was  convenient  to  make  rapid  I-V 
measurements,  typically  0.4  sec.  A  rapid  I-V  sweep 
minimizes  the  perturbation  of  the  H+  distribution 
within  the  oxide  during  the  sweep. 


3.  RESULTS  AND  DISCUSSION 

The  effect  of  x-ray  irradiation  on  H+  cycling  in 
Unibond  material  is  shown  in  Fig.  1.  The  three 
frames  of  Fig.  1  show  cycling  (a)  before  irradiation, 
(b)  after  15  krad(Si02),  -100  V  to  substrate,  and  (c) 
after  15  krad(Si02),  +60  V  to  substrate.  The 
corresponding  applied  fields  are  2.5  and  1.5  MV/cm. 
During  the  irradiation,  the  H+  is  near  the  bottom 
Si/Si02  interface  in  Fig.  lb  and  near  the  top  interface 
in  Fig.  lc.  The  H+  was  cycled  by  alternately 
applying  +60  and  -100  V  to  the  substrate  with  the 
top  silicon  layer  grounded.  Before  and  after 
irradiation,  H+  can  be  repeatedly  cycled  without  any 
reduction  in  its  concentration  (6.5x1 0I2/cm2).  The 
cycling  after  irradiation  is  offset  by  trapped  positive 
charge.  The  offset  in  Fig.  lb  is  small,  >  10  V,  and 
larger  in  Fig,  lc,  50  V.  This  is  consistent  with  holes 
collecting  near  the  bottom  Si/Si02  interface  for 
negative  polarity  and  collecting  near  the  top 
interface  for  the  opposite  polarity. 

The  individual  data  points  within  each  cycle 
are  very  reproducible.  Furthermore,  the  H+ 
concentration  revealed  by  the  cycling  is  nearly  the 
same  before  and  after  irradiation.  The  small 
reduction  of  the  cycling  amplitude  in  Fig.  lc  is 
probably  due  to  the  shorter  cycling  time  that 
prevents  the  complete  transit  of  H+  across  the  oxide. 
These  results  indicate  that  H+  is  not  more  reactive  at 
the  Si/Si02  interfaces  after  irradiation. 

The  I-V  curves  are  stretched  after  irradiation. 
However,  this  is  not  strong  evidence  for  interface 
trap  formation  because  lateral  nonuniformity  of 
trapped  positive  charge  can  produce  the  same 
stretchout.  Thus,  the  discrepancy  between  the 
radiation  and  hydrogen-annealing  models  concerning 
the  reactivity  of  H+  at  the  Si/Si02  interfaces  and 
formation  of  interface  traps  is  not  resolved. 

To  examine  the  effect  of  irradiation  on  the  H+ 
transit  time,  the  data  in  Fig.  1  is  replotted  using  a 
log(time)  scale  and  a  normalized  it  centroid  during 
a  single  cycle.  In  Fig.  2a,  H+  is  moving  from  the  top 
Si/Si02  interface  to  the  bottom  interface  and  in  Fig. 
2b,  it  is  returning  to  the  top.  In  each  frame,  the 
transit  is  compared  before  irradiation  and  after  the 
two  irradiation  conditions.  For  H+  motion  in  both 
directions,  its  drift  is  slower  after  irradiation.  This 
result  suggests  a  resolution  to  the  discrepancy 
between  the  radiation  and  hydrogen-annealing 
models  concerning  the  speed  of  H+  drift.  In  the 
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Figure  1.  Cycling  of  H+  between  the  top  and  bottom 
interfaces  of  the  buried  oxide  in  Unibond. 

pulse-irradiation  experiments  the  dose  was  50 
krad(Si02)  [11].  A  three  order  of  magnitude  slowing 
of  H+  transport  is  consistent  with  the  above  results. 

The  slowing  of  H+  motion  is  more  pronounced 
as  it  drifts  from  the  bottom  interface  to  the  top 
interface.  The  H+  transit  curve  in  Fig.  2b  is  shifted 
to  the  right  by  an  order  of  magnitude.  This  suggests 
that  the  irradiation  produces  more  defects  near  the 
bottom  interface  than  near  the  top  and  that  these 
defects  govern  the  H+  transport.  The  traps  are 
shallow  enough  so  that  H+  escapes  for  the  cycling 
times  shown  in  Figs.  1  and  2.  More  traps  may  be 
formed  near  the  bottom  interface  because  the  wafer 
bond  is  at  this  interface. 

The  data  also  suggest  that  more  traps  are 
produced  near  an  interface  when  H  is  at  that 
interface  during  the  irradiation  as  shown  in  Figs.  2a 
and  2b.  During  the  irradiation  with  -100  V  (+60  V) 
applied  to  the  substrate,  H+  is  at  the  bottom  (top) 
interface.  In  Fig.  2a,  H*  transport  from  the  top  to  the 
bottom  interface  is  slower  after  irradiation  with  H+  at 
the  top  interface.  In  contrast,  in  Fig.  2b,  H+  transport 
from  the  bottom  to  top  interface  is  slower  after 
irradiation  with  H+  at  the  bottom  interface. 
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Figure  2.  H+  transport  across  the  Unibond  oxide. 

Figures  3  and  4  show  similar  results  for  a 
triple-implant  SIMOX  sample.  Figure  3  shows 
cycling  (a)  before  irradiation,  (b)  after  20 
krad(Si02),  -100  V  to  substrate,  and  (c)  after  20 
krad(Si02),  +60  V  to  substrate.  The  effects  of 
irradiation  on  H+  in  SIMOX  are  very  similar  to  the 
effects  on  H+  in  Unibond.  The  cycling  of  H+  is  very 
reproducible  from  cycle  to  cycle  both  before  and 
after  irradiation.  There  is  a  20%  reduction  in  the  H+ 
concentration  from  the  initial  6.0x1 012/cm2  value 
after  irradiation  with  either  bias.  Similar  to 
Unibond,  the  is  a  stretchout  of  the  I-V  curves  after 
irradiation.  These  effects  are  probably  not  due  to  H+ 
reacting  to  form  interface  traps.  If  these  effects  were 
due  to  the  reaction  of  H+  at  the  Si/Si02  interfaces  to 
form  interface  traps,  the  implication  would  be  that 
the  reaction  stops  after  1012  /cm2  H+  have  reacted 
despite  the  presence  of  much  more  H+.  This  is  not 
consistent  with  radiation-induced  interface  traps 
which  can  well  exceed  this  level. 

The  voltage  offset  to  the  cycling  of  Vmidgap  after 
irradiation  is  about  40  V  regardless  of  the  polarity 
of  the  applied  voltage  during  irradiation.  This  is 
consistent  with  the  observation  that  the  buried  oxide 
in  SIMOX  has  a  much  higher  concentration  of  hole 
traps  than  the  buried  oxide  in  Unibond.  [12] 

The  transit  of  H+  across  the  SIMOX  buried 
oxide  shown  in  Fig.  4  is  also  similar  to  the  transit  in 
Unibond  shown  in  Fig.  2.  In  particular,  the  slowing 
of  H+  after  irradiation  is  more  pronounced  for 
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Figure  3.  Cycling  of  H*  between  the  top  and  bottom 
interfaces  of  the  buried  oxide  in  SIMOX. 


motion  from  the  bottom  to  top  Si/Si02  interface. 
Also,  FT  motion  in  this  direction  is  slowed  more 
following  irradiation  with  H+  present  at  the  bottom 
interface.  The  slowing  of  H+  transport  from  the  top 
to  bottom  interfaces  is  barely  noticeable.  These 
results  suggest  that  there  is  a  higher  concentration  of 
defects  near  the  bottom  interface  that  interact  with 
the  hydrogen  during  irradiation  to  form  shallow  H+ 
traps.  This  is  consistent  with  previous  observations 
of  H+  trapping  near  the  bottom  interface.  [3] 

4.  SUMMARY 

Radiation-induced  defects  have  been  shown  to 
have  strong  effects  on  H+  transport  and  trapping  in 
Unibond  and  SIMOX  buried  oxides.  The  details  of 
these  effects  depend  on  fabrication-induced  defects 
already  present  in  the  oxide  and  on  the  dose  and  bias 
conditions  of  the  irradiation.  The  slowing  of  H+ 
transport  after  irradiation  helps  to  resolve  the 
apparent  contradictions  between  the  radiation  and 
hydrogen-annealing  models.  However,  the 
discrepancy  between  the  assumed  reactivity  of  H+  at 
Si/Si02  interfaces  is  not  resolved. 
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In  this  study  we  present  a  new  scheme  for  obtaining  information  on  the  passivation  mechanisms  of  as-grown 
Si — Si02  interface  defects  by  resolving  the  effects  of  bias  on  the  defect  passivation  reaction.  This  is  possible 
when  using  chromium  gated  metal-oxide-silicon  devices  for  which  the  effect  of  non-biased  passivation  is  very 
small  compared  to  devices  with  for  example  aluminum  gates.  It  is  shown  that  a  negative  surface  potential  pro¬ 
motes  the  passivation  of  interface  states  while  a  positive  surface  potential  reduces  it. 


The  success  of  CMOS  technology  relies  on  effi¬ 
cient  passivation  of  dangling  bonds  at  the  Si-Si02 
interface,  which  motivates  research  on  this  subject 
[1,2].  Previous  studies  have  shown  that  the  rate  of 
passivation  of  these  defects  is  influenced  by  the 
applied  voltage  [3,4].  In  these  studies  of  Al-gated 
metal-oxide-silicon  (MOS)  devices  on  both  <11 1> 
and  <100>  oriented  p-type  substrates  it  was  argued 
that  the  charge-state  of  the  Pb-center  influences  its 
passivation  rate  as  predicted  in  theoretical  calcula¬ 
tions  [5]. 

However,  the  Al-gated  devices  display  a  high  pas¬ 
sivation  rate  without  any  applied  bias  which  makes  it 
difficult  to  draw  accurate  quantitative  conclusions 
regarding  the  effects  of  biased  annealing.  For  Cr- 
gated  devices  the  passivation  rate  without  bias  is  con¬ 
siderably  slower  making  it  easier,  to  resolve  the 
effects  of  the  bias.  The  slower  passivation  rates  could 
be  explained  by  a  smaller  amount  of  passivating  spe¬ 
cies  (hydrogen)  in  the  Cr  devices.  It  could  also  be 
due  to  the  fact  that  an  oxide  reduction  reaction  which 
has  been  shown  to  reduce  interface  defects  [6,7] 
occurs  in  Al-gated  MOS  devices  but  not  in  Cr-gated 
ones.  This  oxide  reduction  is  believed  to  be  caused 
by  a  partial  reduction  of  the  Si02  by  A1  into  A1203 
[7-9]. 

In  this  study,  with  the  use  of  Cr  instead  of  A1  as 
the  gate  material,  we  are  not  only  able  to  resolve  the 
bias  dependence  of  the  passivation  kinetics  but  also 
to  show  that  the  passivation  rate  is  dependent  on  the 
charge-state  of  the  defects. 


MOS  devices  were  fabricated  on  <100>  oriented 
(1-10  Ocm)  n-  and  p-type  silicon  wafers.  The  wafers 
were  oxidized  to  form  a  thick  field  oxide  followed  by 
a  lithography  step  where  devices  with  areas  ranging 
from  2x2  pm2  to  100  x  100  pm2  were  defined.  After 
a  standard  RCA  clean  step  at  60  °C  the  gate  dielec¬ 
tric  was  thermally  grown  in  a  2  %  02  in  N2  mixture 
at  900  °C  for  20  minutes.  The  gate  metal,  A1  or  Cr, 
was  evaporated  to  form  the  top  contacts  of  the  MOS 
structures.  The  oxide  thicknesses,  approximately 
29  A  for  the  Cr  devices  and  26  A  initially  for  the  Al- 
gated  devices,  were  extracted  from  C-V  measure¬ 
ments  following  the  method  of  Maserjian  [10,11]. 
Post  metallization  annealing  (PMA)  was  carried  out 
in  air  at  a  temperature  of  170  or  260  °C  using  a  hot 
plate.  The  device  was  put  on  the  preheated  surface 
and  the  bias  was  applied  for  the  desired  time.  After¬ 
wards  the  device  was  placed  on  a  cold  (room  temper¬ 
ature)  metal  plate.  This  strategy  enables  relatively 
short  annealing  times. 

High-frequency  (HF)  C-V  measurements  were 
obtained  at  room  temperature  before  heating  and 
after  cool-down  at  a  frequency  of  10  kHz  using  an 
HP4284A  LCR  meter.  In  Figure  1,  HF  C-V  measure¬ 
ments  on  n-type  Cr-gated  and  p-type  Al-gated 
devices  are  shown.  The  Cr  devices  show  a  high  initial 
interface  state  density  (Dlt)  estimated  to  2.5xl012 
cm^eV'1  both  at  0.25  eV  and  0.85  eV  above  the 
valence  band  edge  using  data  from  measurements  on 
p-  and  rt-type  devices  respectively.  For  the  Al-gated 
devices  the  initial  peak  Dlt  is  approximately  1.2xl012 
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Figure  1)  HF  (10kHz)  C-V  measurements  on  w-type  Cr 
and  /7-type  A1 MOS  devices  prior  to  PMA(— ).  Also  shown 
are  measurements  after  a  1000  s  PM  A  at  260  °C  without 
bias  (O  )  and  with  an  applied  bias  of -1.0V  (+&). 

cm^eV"1  and  2.3xl012  cm^eV"1  at  0.25  eV  and 
0.85  eV  above  the  valence  band  edge  ( E-Ey )  respec¬ 
tively.  The  Dit  values  were  estimated  from  the  HF  C- 
V  curve  by  comparing  it  to  a  theoretical  one.  This 
method  relies  on  the  fact  that  a  large  fraction  of  the 
fast  interface  states  follows  the  10  kHz  signal  [4]. 
Values  in  the  middle  of  the  bandgap  are  unavailable 
since  the  charges  are  in  non  thermal  equilibrium  in 
the  inversion  region  due  to  direct  tunneling  through 
the  oxide.  Evident  from  Figure  1  is  an  increase  of  the 
oxide  capacitance  during  PMA(O)  due  to  the  afore¬ 
mentioned  reduction  of  the  oxide,  whereas  for  the  Cr 
devices  the  capacitance  in  accumulation  is  unaltered 
after  PMA  (O). 

From  Figure  1  it  is  clear  that  the  passivation  rate 
of  the  Cr-gated  MOS  devices  is  significantly  influ¬ 
enced  by  the  bias  during  anneal.  The  peak  Dlt  is  con¬ 
siderably  lower  after  PMA  with  bias  (♦)  than 
without  (O).  In  Figure  2  where  the  relative  peak  Dlt 
at  E-E^ 0.25  eV  ip- type)  or  E-E^ 0.85  eV  (n-type) 
after  a  1000  s  PMA  at  260  °C  is  shown,  a  clear  bias 
dependence  between  approximately  -1.0  and  1.0  V  is 
observed  both  for  Al-  and  Cr-gated  MOS  devices. 

To  show  that  this  is  due  to  the  change  in  charge- 
state  of  the  defects,  the  relation  between  applied  bias 
and  the  approximate  Fermi-level  position  (Efs-Ev)  at 
the  surface  was  calculated  from  a  C-V  measurement 
using  the  Berglund-integral  [12].  The  Fermi -level 
position  was  found  to  be  in  the  middle  of  the  band 
gap  at  VA=-0.5  V  and  close  to  the  valence  band  edge 
at  VA=-1.0  V.  //the  charge-state  of  the  defect  has  an 


impact  on  the  passivation  rate,  a  further  increase  of 
the  negative  bias  below  -1.0  V  would  not  increase  the 
passivation  rate:  most  of  the  additional  bias  is  lost 
across  the  oxide.  This  is  indeed  observed  in  Figure  2 
for  |VA|  >  1 .  Since  the  oxide  electric  field  and  the 
tunneling  current  density  vary  considerably  with  bias 
in  the  regions  where  the  passivation  rate  is  largely 
unaffected,  neither  oxide  field  nor  electron  transport 
through  the  oxide  is  capable  of  explaining  the  bias 
dependency.  In  these  devices,  the  energy  levels 
where  the  defects  change  their  charge  from  positive 
to  neutral  (+/0)  and  from  neutral  to  negative  (0/-), 
correspond  to  approximately  -1.0  V  and  0.0  V 
respectively.  Since  a  rapid  change  of  the  passivation 
rate  is  observed  between  these  two  biases  the  charge- 
state  of  the  defects  is  the  most  likely  explanation  to 
the  observed  difference  in  passivation  kinetics. 

Also  to  be  noted  in  Figure  2  is  that  at  positive 
biases  the  passivation  rate  is  reduced  both  for  Cr-  and 
Al-gated  devices.  In  fact  for  n-type  Cr  devices  the  Dit 
increases  when  annealed  at  positive  biases.  This 
might  be  used  to  get  information  regarding  the  defect 
density  of  the  non-passivated  Si — SiC>2  interface. 

These  results  are  in  direct  contrast  to  what  Reed 
and  Plummer  [13]  found  from  their  extensive  study 
on  the  passivation  of  (mainly)  Al-gated  MOS  devices 
with  various  thicknesses.  On  the  matter  of  bias 
dependence  they  conducted  an  experiment  where  the 
passivation  dynamics  of  MOS  devices  with  either  n- 
or  p-type  substrates  were  compared.  No  significant 
differences  between  the  two  different  types  were 
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Figure  3)  Applied  voltage  vs  the  Fermi-level  position  at 
the  surface  of  simulated  Al-gated  MOS  devices  with 
different  doping  and  oxide  thicknesses.  Also  shown  is  the 
(+/0)  probability  to  change  charge-state  at  0.28  eV  and  (0/-) 
at  0.88  eV.  The  temperature  was  T=220  °C. 

found  and  they  concluded  that  since  the  difference  in 
surface  potential  was  sufficient  to  change  the  net 
charge  from  negative  to  positive,  the  passivation  is 
independent  of  the  charge- state  of  the  defects. 

To  explain  the  apparent  discrepancy  of  these 
results,  Al-gated  MOS  devices  with  different  doping 
type  and  concentrations  were  simulated.  In  Figure  3, 
the  relation  between  applied  bias  and  the  Fermi-level 
position  at  the  surface  Va(Ejs-Ev)  is  shown.  In  the 
simulations,  a  peak  Pb  concentration  of  2xl0lz 
cnT2eV_1  was  used.  The  energy  levels  where  the  Pb 
centers  change  their  charge-state  was  0.28  eV  (+/0) 
and  0.88  eV  (0/-)  with  a  Gaussian  spread  of  0.1  eV. 
The  doping  concentration  was  1022  or  1023  m-3  and 
the  oxide  thickness  was  30  or  300  A.  No  quantization 
effects  at  the  surface  were  taken  into  account  and  it 
was  assumed  that  the  charges  in  the  substrate  are  in 
thermal  equilibrium  (i.e.  direct  tunneling  is  prohib¬ 
ited),  a  simplification  which  is  acceptable  for 
medium  biases.  Also  shown  in  Figure  3  (gray)  is  the 
probability  for  a  Pb  center  to  change  its  charge-state 
at  a  given  Fermi-level  position.  The  temperature  in 
these  simulations  was  T=220  °C. 

A  substrate  doping  type  influence  on  Va(Ejs-Ev)  is 
evident  from  Figure  3  for  high  doping  concentrations 
and  relatively  thick  oxides  (1023m'3,  300  A).  At 
VA=0.0  V  the  difference  in  Efs-Ev  is  approximately 
0.35  eV,  and  a  large  fraction  of  the  Pb  centers  would 
thus  be  of  different  charge-states  in  the  two  cases.  On 
the  other  hand,  for  lower  doping  concentrations  the 


Figure  4)  The  decrease  of  the  relative  peak  Dit  of  normal 
(open)  and  biased  (-1.0V)  (closed)  anneal  of  Cr-gated  n- 
type  MOS  devices.  The  temperature  was  170  °C  (O), 
200  °C  (□),  230  °C  (O),  and  260  °C  (A).  Also  shown  is  the 
passivation  of  previously  non-biased  devices  (♦,«). 
Symbols  are  measurements  and  lines  are  guides  to  the  eye. 

difference  between  n-  and  p-type  substrates  is 
smaller  and  at  even  lower  doping  concentrations  (not 
shown)  it  is  absent.  To  be  able  to  measure  the  influ¬ 
ence  of  the  Pb  charge-state  by  means  of  a  change  of 
substrate  type,  sufficiently  high  doping  concentra¬ 
tions  must  thus  be  used.  For  these  simulated  devices, 
a  doping  concentration  of  1023  m'3  is  sufficient  for 
300  A  thick  oxides.  However  for  thinner  oxides,  a 
considerably  higher  doping  level  is  needed.  For 
thicknesses  between  200  and  300  A  and  doping  lev¬ 
els  around  lxlO21  m'3  the  difference  in  Ep-Ev  is 
approximately  0.05  eV  at  0.0  V.  A  change  of  the  net 
charge  is  thus  not  expected  and  the  passivation  kinet¬ 
ics  are  anticipated  to  be  equal,  even  if  the  charge- 
state  has  an  impact.  This  is  also  true  for  “normal” 
PMA  temperatures  above  about  400  °C,  even  for 
thicker  oxides  and  higher  doping  levels. 

The  similarity  we  observe  for  p -  and  n-type  sub¬ 
strates  in  Figure  2  is  thus  consistent  with  the  charge- 
state  dependence  for  the  defect  passivation  dynamics 
in  these  ultrathin  oxide  MOS  devices. 

To  study  the  charge-state  influence  on  the  passi¬ 
vation  kinetics  in  more  detail,  in  Figure  4  the 
decrease  of  the  relative  peak  Z)it  of  n-type  Cr  devices 
at  approximately  0.85  eV  above  the  valence  band 
edge  is  shown  during  PMA.  The  temperature  was  in 
the  range  170  °C  to  260  °C.  Some  devices  were 
annealed  without  bias  (open  symbols)  while  others 
were  annealed  with  VA=-1.0V  (closed  symbols). 

Without  bias,  the  rate  of  passivation  is  low  and 
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after  10  000  s  more  than  90  %  of  the  interface  states 
remain  unpassivated  even  at  T=260°C.  With 
\^=-1.0  V  on  the  other  hand  only  about  50  %  of  the 
defects  remain  unpassivated  at  10  000  s. 

An  additional  feature  of  the  passivation  kinetics 
in  Figure  2  is  that  the  passivation  saturates.  This  is  in 
contrast  to  other  studies  on  the  passivation  of  Pb  cen¬ 
ters  in  non-metal  [14]  and  Al-gated  [3,15,16]  struc¬ 
tures,  in  which  no  saturation  of  the  passivation  was 
noted.  To  investigate  the  influence  of  temperature 
and  bias  on  the  saturation  value,  a  few  devices  ini¬ 
tially  annealed  without  bias  at  200  and  230  °C  were 
given  an  extra  anneal  with  bias  at  -1.0  V.  The  relative 
peak  Dit  of  these  devices  is  shown  in  Figure  4  (4,®), 
and  although  the  value  decreases  with  time  —  down 
to  approximately  75  %  after  100  000  s  —  the  amount 
of  decrease  is  substantially  smaller  compared  to  that 
of  devices  annealed  with  bias  from  the  start.  From 
this  it  appears  that  the  concentration  of  the  passivat¬ 
ing  species,  presumably  hydrogen,  at  the  reacting 
surface  might  be  reduced  not  only  by  the  passivation 
reaction  but  also  by  some  other  process.  One  possible 
H2  consuming  process  is  out-diffusion  of  H2  into  the 
field-oxide  or  the  metal.  Another  competing  hydro¬ 
gen  consuming  process  would  be  the  passivation  of 
pbl  centers  [17].  This  defect,  which  is  present  on 
(100)  surfaces,  was  recently  shown  to  be  electrically 
inactive  [2,18]  and  would  consequently  not  be 
detected  by  the  C-V  technique  used  in  this  study.  Fur¬ 
ther,  since  the  charge-state  of  the  Pbi  center  will  be 
indifferent  to  the  Fermi-level  position  at  the  surface 
(at  least  between  the  Si  band-edges)  the  passivation 
rate  of  Pbl  centers  is  not  expected  to  be  sensitive  to 
the  bias.  The  large  difference  between  the  saturation 
levels  for  biased  and  non-biased  devices  could  thus 
be  explained  by  the  presence  of  Pbl  centers  that  are 
equally  “slowly”  passivated  at  VA=-1.0V  which 
results  in  a  larger  amount  of  hydrogen  available  for 
the  passivation  of  Pbo  centers. 

In  this  study  we  have  observed  the  effects  of  bias 
during  post  metallization  anneal  of  Cr-gated  MOS 
devices.  The  rate  of  passivation  of  Pb  centers  is  found 
to  be  faster  for  positively  charged  defects  and  slower 
for  negatively  charged  defects  compared  to  neutral 
ones.  The  bias  dependency  for  p-  and  n-type  sub¬ 
strates  is  found  to  be  similar,  due  to  the  fact  that  the 
relation  between  applied  voltage  and  Fermi-level 
position  at  the  surface  and  thus  the  charge-state  of 
the  defects  is  close  to  equal  for  both  substrate  types. 
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In  this  study  we  propose  high  pressure  grown  oxide  (HIPOX)  as  an  alternative  low-temperature  MOS  gate 
insulator  and  show  that  it  performs  excellently  in  comparison  to  other  widely  reported  low-temperature 
deposited  oxides.  Our  optimized  process  conditions  for  HIPOX  result  in  high  quality  gate  dielectric  comparable 
in  quality  to  the  standard  thermal  dry  oxide  in  terms  of  initial  properties  as  well  as  under  various  stress 
conditions.  Sub  100  nm  channel  length  vertical  MOSFETs  with  HIPOX  as  a  gate  dielectric  are  fabricated  and 
characterized  to  demonstrate  the  suitability  of  HIPOX  as  a  low-temperature  MOS  gate  dielectric. 


1.  INTRODUCTION 

Reduced  thermal  budget  processing  of  deep 
sub-micron  MOSFETs  and  thin  film  technologies 
have  brought  about  increased  interest  in  low- 
temperature  oxides.  Much  of  the  low-temperature 
oxide  study  has  however  been  concentrated  on  the 
deposited  oxides  with  a  wide  variety  of  annealing 
conditions,  generally  a  high  temperature  anneal  to 
improve  the  quality  of  the  oxide  [l]-[5].  In  this 
work  we  report  for  the  first  time  high-pressure 
grown  oxide  (HIPOX)  as  an  alternative  MOS  gate 
dielectric  and  compare  its  performance  with  the 
deposited  oxides.  However,  one  of  the  main  factors 
limiting  VLSI  device  reliability  is  the  degradation 
caused  by  hot  carriers.  These  hot  carriers  are  known 
to  cause  interface  state  generation,  electron  trapping 
at  the  Si/Si02  interface  and  also  charge  trapping  in 
the  oxide  bulk  [6]-[10].  For  these  reasons,  not  only 
must  any  Si02  dielectric  possess  good  initial 
quality,  but  should  also  perform  well  under 
accelerated  stress  conditions.  For  this  reason,  we 
have  looked  at  the  high-field  performance  of  all 
these  different  oxides,  namely:  low-pressure 
chemical  vapor  deposited  (LPCVD)  oxide,  remote 
plasma  enhanced  chemical  vapor  deposited 
(RPECVD)  oxide  and  finally,  the  high  pressure 
pyrogenic  steam  grown  oxide  (HIPOX)  and 


compared  their  degradation  characteristics  with  the 
standard  thermally  grown  dry  oxide  under  different 
stress  conditions.  Finally,  vertical  MOSFETs  with 
channel  lengths  below  100  nm  are  fabricated  using 
HIPOX  as  the  gate  dielectric  to  demonstrate  the 
suitability  of  HIPOX  for  low-temperature  MOS 
applications. 

2.  EXPERIMENTAL  CONDITIONS 

For  the  initial  optimization  of  all  the  gate 
oxides,  extensive  work  has  been  done  on  poly¬ 
silicon  gate  MOS  capacitors  with  all  the  above  gate 
oxides,  namely:  LPCVD  oxide,  RPECVD  oxide, 
HIPOX  and  the  thermal  dry  oxide.  The  thermal  dry 
oxide  is  used  as  the  control  oxide.  The  MOS 

capacitors  (of  area  0.04x10"^  cm^)  used  in  this 
study  were  fabricated  on  4M  p-type  (100)  Si 
substrates  using  standard  polysilicon  gate 
technology.  The  control  Si02  was  thorn  ally  grown 

in  O2  at  800°  C.  LPCVD  oxide  deposition  was 

done  at  420°  C  using  silane  and  oxygen  reaction 
while  for  the  remote  plasma  enhanced  Si02,  the 

substrate  temperature  was  300^  C  and  the 
deposition  was  done  using  tetraethylorthosilane 
(TEOS)  and  oxygen.  High-pressure  oxidation  was 

carried  out  at  650°C  in  a  commercial  high-pressure 
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oxidation  reactor  in  pyrogenic  steam  at  a  pressure 
of  10*  Pa  using  C>2.  The  oxide  thickness  for  all  the 

types  of  oxides  was  10  nm.  An  anneal  at  750°  C 
was  given  for  all  the  oxides  to  a  total  time  of  40 
minutes  in  N2/O2  as  a  densification  step.  This 
anneal  temperature  was  chosen  based  on  our 
simulation  and  experimental  results  on  MOSFETs 
with  channel  lengths  of  150  nm,  which  show  that 

oxidation  temperatures  above  750°  C  would  cause 
thermal  out-diffusion  of  dopants  making  the 
devices  dysfunctional  [11].  Except  for  the  gate 
insulator  growth  process,  all  other  processing 
conditions  were  kept  the  same  for  all  the  wafers. 
The  above  optimized  process  conditions  for  all  the 
oxides  are  summarized  in  Table  1  and  the  measured 
initial  characteristics  on  poly-silicon  gate  MOS 
capacitors  are  shown  in  Table  2.  The  excellent 
initial  properties  of  all  these  oxides  shows  the 
effectiveness  of  the  process  optimization  done  for 
these  oxides. 

For  all  the  high-field  stress  experiments,  the 
capacitors  were  stressed  by  a  constant  current.  The 
configuration  used  for  constant  current  stressing 
consisted  of  a  Keithley  220  current  source  and  a 
Keithley  617  electrometer,  which  was  used  to 
monitor  the  voltage  across  the  capacitor.  The 
stress  current  was  interrupted  at  regular  intervals  to 
monitor  the  degradation.  HF-LF  CV  technique  was 
used  for  the  measurement  of  midgap  interface  state 
density  (ADjtm)  and  the  midgap  voltage  shift 
(AVmg).  Experiments  were  performed  by  injecting 

charge  from  the  metal  as  well  as  from  the  substrate. 
For  the  experiments  where  silicon  was  the  injecting 
electrode,  the  devices  were  exposed  to  light  of 
sufficient  quantity  such  that  the  injection  was  not 
limited  by  the  rate  of  generation  of  minority 
carriers. 


Type  of 

Oxide 

Oxidation  Parameters 

Thermal  dry 

T=800°C,  Dry  oxidation  in  O2 

HIPOX 

T=650°C,  P=  10  bar 

LPCVD  Oxide 

T=420°C,  reactive  gases  SiR* 
and  O2.  Ratio  between  SiR*  to 
02  is  1 :5.  Pressure:  35  Pa 

Remote 

PECVD  Oxide 

T=300°C,  TEOS  process 

Table  1:  Optimized  process  conditions  for  various 
gate  dielectrics. 


Type  of 
Oxide 

Vfl. 

(V) 

D,? 

cm’2) 

Qbd 

(coul. 

cm'2) 

T01 

varia¬ 

tion 

across 

Wafer 

_ 

Thermal 

Dry 

-0.87 

1.3xl010 

>50 

2 

Remote 

PECVD 

oxide 

-0.86 

1.5xlOlu 

12.5 

7 

LPCVD 

oxide 

-0.86 

1.9xlOl# 

10 

10 

HIPOX 

-0.87^ 

9x1 0V 

>50 

9 

Table  2:  Measured  characteristics  on  the  virgin  poly 
Si  gate  MOS  capacitors  with  various  dielectrics. 

3.  ELECTRICAL  CHARACTERIZATION 


The  initial  I-V  characteristics  are  shown 
in  Fig.  1  and  the  breakdown  field  distribution 
is  shown  in  Fig.  2  for  all  the  optimized  lOnm  gate 
oxide  capacitors  with  different  gate  dielectrics. 
Constant  current  injection  experiments  were  also 
carried  out  on  all  these  different  gate  oxides  to 
assess  their  hot-carrier  reliability.  Figure  3  shows 
the  AVmg  in  all  these  oxides  as  a  function  of  stress 

time  for  two  different  current  densities.  As  can  be 
seen,  deposited  oxides  show  electron  trapping  while 
the  HIPOX  and  thermal  oxides  show  conventional 
hole  trapping.  The  excess  Si-H  and  Si-OH  centers 
in  deposited  oxides  are  known  to  act  as  electron 
trap  centers  [9].  HIPOX,  as  can  be  seen,  shows 
shifts  comparable  to  that  of  a  thermal  dry  oxide. 


Electric  Field  fMV/cml 

Figure  1:  Current  density  (J)  versus  Electric  field 
(E)  for  different  oxides  in  accumulation. 
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Figure  2:  Breakdown  field  distribution  in  various 
gate  oxide  capacitors. 


oxides  with  lower  QbD  show  higher  AV0  during 
constant  current  stress.  The  stress  induced  mid-gap 
interface  state  generation  (ADitm)  is  shown  in  Fig  5. 
In  LPCVD  oxides,  it  can  be  seen  that  there  is  an 
order  of  magnitude  higher  ADitm  compared  to 
HIPOX  for  identical  stress  conditions.  RPECVD 
oxides  are  much  worse  compared  to  even  the 
LPCVD  oxides  and  are  therefore  not  shown. 
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Stress  Time  (Sec) 

Figure  3:  Midgap  voltage  shifts  (AV^  as  a 
function  of  stress  time  for  various  oxide  capacitors. 
Open  symbols  are  for  a  stress  current  of  0.25 
mA/cnr  and  filled  symbols  are  for  corresponding 
oxides  (LPCVD  and  RPECVD  ox)  at  a  stress 
current  of  2.5  mA/cm2. 


Stress  Time  (sec) 

Figure  4:  Change  in  gate  voltage  (AVG)  during 
constant  current  injection. 
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Figure  5:  Change  in  mid-gap  interface  state  density 
as  a  function  of  stress  time. 
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The  change  in  gate  voltage  during  constant 
current  stress  in  all  the  four  types  of  oxides  is 
shown  in  Fig  4.  The  higher  trapping  rate  in 
RPECVD  oxides  as  observed  from  the  larger 
change  in  VG  during  the  constant  current  stress  is 
also  responsible  for  the  low  QbD  values  observed  in 
these  oxides.  We  also  observe  a  good  correlation 
between  QBD  and  AV0  in  this  work.  In  general. 


In  order  to  demonstrate  the  applicability  of 
HIPOX  as  a  MOS  gate  dielectric,  vertical  sub 
lOOnm  Si  MOSFETs  are  fabricated  using  HIPOX 
as  the  gate  dielectric.  The  schematic  of  the  vertical 
MOSFET  structure  with  gate  oxide  surrounding  the 
mesa  is  shown  in  Fig.  6  (a)  while  the  fabricated 
MOSFET  structure  is  shown  in  Fig.  6  (b).  HIPOX 
is  used  as  a  gate  dielectric  with  a  thickness  of 
14nm.  HIPOX  was  grown  at  600°C  at  P=  10  bar  in 
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pyrogenic  steam  without  any  additional  high- 
temperature  anneal.  The  gate  oxide  thickness  of 
14nm  was  chosen  mainly  to  avoid  comer 
breakdown  at  the  mesa  edges.  The  detailed  process 
sequence  for  these  vertical  MOSFETs  is  reported 
elsewhere  [12].  Measured  input  characteristics  are 
shown  in  Fig.  7  [12].  The  measured  value  of  low- 
field  mobility  in  these  MOSFETs  is  420cm2/V-s 
indicating  a  good  HI POX/Si  interface.  This 
excellent  low-field  mobility  has  also  been  recently 
shown  to  give  rise  to  high  velocity  overshoot 
effects  in  these  vertical  MOSFETs  [13]. 

4.  CONCLUSIONS 

High-pressure  grown  oxide  is  optimized  to  exhibit 
excellent  characteristics  as  a  MOS  gate  dielectric. 
Vertical  sub  lOOnm  channel  length  MOSFETs 
employing  the  optimized  low-temperature  HIPOX  are 
fabricated  and  shown  to  exhibit  excellent  mobility  and 
1-V  characteristics. 
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gate  oxide  surrounding  the  mesa  forming  a 
MOSFET  structure,  (b)  SEM  cross-sectional  view 
of  the  fabricated  vertical  MOSFET  structure. 


Figure  7:  I^-Vg  characteristics  for  the  vertical 
MOSFET  with  a  channel  length  of  85  nm  by  using 
HIPOX  as  a  gate  dielectric. 
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SiGe  nMOSFETs  with  gate  oxide  grown  by  low  temperature 
plasma  anodisation 
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The  characterisation  of  strained  surface  channel  SiGe  nMOSFETs  with  gate  oxide  grown  by  low  temperature  plasma 
anodisation  is  described.  We  report  excellent  off-state  leakage  currents  and  zero  field  mobilities  of  640  and  420cm2/Vs 
for  Si  and  SiGe  devices  respectively.  Reduction  in  SiGe  mobility  is  primarily  attributed  to  increased  interface  state 
scattering  in  the  absence  of  any  increased  surface  roughness  as  observed  in  high  resolution  microscopy.  The  oxide 
compositon  is  mixed  and  conservation  of  crystallinity  of  SiGe  during  oxidation  is  observed  via  RBS  analysis. 


1.  INTRODUCTION 

Plasma  anodisation  can  be  undertaken  at  greatly 
reduced  temperature  due  to  the  use  in  the  oxidation 
environment  of  highly  reactive  ions  and  the  abundance 
of  electrons.  It  has  been  shown  to  be  a  good  candidate 
for  the  use  in  SiGe  technology  to  preserve  the  integrity 
of  the  strained  layers1.  In  contrast  to  standard  thermal 
oxidation  of  SiGe,  Ge  is  incorporated  into  the  growing 
oxide  layer  as  Ge02  with  the  exception  of  a  small 
percentage  of  Ge  residing  as  electron  trapping  centres  in 
the  oxide2.  We  report  here  results  of  Si  and  SiGe 
nMOSFETs  fabricated  with  gate  oxide  realised  by 
plasma  anodisation  with  a  SiGe  surface  channel.  Low 
off-state  leakage  and  effective  electron  mobilities  about 
30%  lower  than  those  from  Si  controls  were  measured. 
The  reduced  mobility  is  likely  to  result  from  the  higher 
density  of  interface  states  at  the  oxide:SiGe  interface. 
This  is  supported  by  an  increase  in  the  inverse 
subthreshold  slope  parameter  of  the  SiGe  transfer 
characteristics  and  is  consistent  with  results  from  MOS 
capacitors1. 

2.  FABRICATION 

A  relatively  simple  self-aligned  process  was  devised  to 
realise  SiGe  MOSFETs.  The  epitaxial  structure  was 
grown  by  gas-source  MBE  at  650°C.  A  thick  (500nm)  Si 
buffer  layer  doped  with  boron  to  5xl016cm"3  was  grown 
on  a  low  resistivity  n-type  100mm  Si  <100>  wafer, 
followed  by  a  thin  (lOnm)  spacer  layer  to  reduce  any 
dopant  chamber  memory  effects.  A  25nm  strained, 
un doped  Sio.g5Geo.15  layer  was  then  grown  followed  by  a 
13nm  sacrificial  Si  capping  layer.  The  above  structure  is 


shown  schematically  in  Figure  1 .  The  Si  control  samples 
were  produced  on  standard  l-50cm  <100>  orientated  p- 
type  wafers. 


13  nm  i-Si _ 

25  nm  i-SiGe 
lOnm  i-Si _ 

500  nm  D-Si. 


n+  Si  substrate 


Figure  1.  Schematic  structure  of  GS-MBE  layers  for 
SiGe  nMOSFET  fabrication. 

Pattern  Active  Area 
LTO  mask,  KOH  anisotropic  mesa  etch 
Remove  mask,  RCA  clean 
Plasma  anodisation  for  gate  oxide 
Pattern  a-Si  gates  (550°C) 

Pattern  Source/Drain 
Self  aligned  As  implantation 
Pattern  substrate  implants  BF2 
RTA  750°C  30s 
LTO  deposition. 

Contacts  windows  and  back  strip 
^  r  Metallisation. 

Forming  Gas  sinter  (420°C) 

Figure  2.  Simplified  process  flow  of  test  MOSFET 
fabrication. 
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Figure  2  shows  the  process  flow  leading  to  the  schematic 
of  Figure  3.  Great  care  was  taken  with  the  thermal 
budget  to  avoid  relaxation  of  the  SiGe. 


Figure  3.  Cross-sectional  schematic  of  final  device 
3.  RESULTS 

Subthreshold  characteristics  of  both  the  Si  and  SiGe 
MOSFETs  are  shown  in  Figure  4.  Excellent  off-state 
leakage  currents  of  circa  IpA  were  observed  indicating 
high  quality  layers  and  good  S/D  junctions  formed  by 
implantation.  Inverse  subthreshold  slopes  of 
82mV/decade  and  200mV/decade  were  calculated  for  the 
respective  devices. 


Figure  4.  Subthreshold  plot  for  (W/L)  20/1  pm 
nMOSFETs  a)  Si  and  b)  SiGe,  S=  82mV/dec  and 
200mV/dec  respectively. 

The  increased  value  for  the  SiGe  was  assumed  to  arise 
from  increased  surface  state  capacitance.  The 
corresponding  interface  state  density,  as  derived  from  the 
subthreshold  regime  was  ~lxl012cm'2eV*1  (midgap  to 
Ev).  This  value  is  in  agreement  with  typical  values 
observed  in  M:0:SiGe  capacitors  formed  by  plasma 
anodisation1.  The  shift  of  the  SiGe  transfer  characteristic 
to  the  right  is  representative  of  negative  fixed  oxide 
charge,  estimated  as  8.5xlOncm*2  from  the  IV  shift  from 
the  Si  control  case.  This  has  been  attributed  to  an 
unsaturated  O  bond  at  the  interface  in  other  SiGe  oxide 


studies5.  A  standard  forming  gas  anneal  only  has  been 
performed  at  this  stage.  Further  treatments  have  been 
shown  to  be  effective  in  reducing  the  interface  state 
density  for  oxides  produced  in  similar  growth  systems6. 
The  very  low  off-state  leakage  currents  attest  to  the  good 
quality  of  the  epi-layers  and  the  effectiveness  of  the  low 
temperature  schedules  employed  in  fabrication.  To 
investigate  the  junctions  further,  subthreshold  plots  with 
Vd  varied  from  0.5  to  5V  are  shown  in  figure  5a  and  b 
for  Si  and  SiGe  100/20pm  devices  respectively. 


Figure  5.  Subthreshold  plot  of  100/20 pm  FETs  as 
function  of  drain  voltage  Vd  =  0.5  to  5V  in  steps  of 
0.5V,  a)  Si  control ,  b)  SiGe  nMOSFET 

The  increase  in  off  state  current  with  drain  voltage  seen 
in  the  SiGe  case  suggests  field  enhanced  generation  via 
traps  in  the  epitaxial  layers  encompased  by  the  drain 
depletion  region.  Measured  activation  energies  were 
0.5  leV  and  0.37eV  for  the  low  and  high  field  cases 
respectively.  In  contrast,  the  activation  energy  of  the  Si 
device  leakage  current  was  0.73eV  showing  minimal 
field  dependance,  (between  0  and  5V).  The  differences 
in  activation  energies  are  representative  of  the  quality  of 
the  epitaxial  material  in  comparison  to  bulk  Si. 

Figure  6  shows  a  typical  output  characteristic  of  a  long 
channel  SiGe  device.  The  relatively  low  current  levels 
are  due  to  high  series  resistance  most  likely  due  to 
incomplete  activation  of  the  source/drain  implants  and 
long  junction  to  channel  distances.  Junction  breakdown 
typically  occurred  at  approximately  IV. 

The  derived  effective  mobilities  of  both  SiGe  and  Si- 
control  devices  are  plotted  in  figure  7  as  a  function  of 
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Vgs-Vj.  Mobilities  were  calculated  using  dra 
conductance  after  compensating  for  the  effect  of  seri< 
resistance  at  low  (0.1V)  drain  voltage.  Estimates  of  tl 
zero  field  transverse  effective  electron  mobilities  of  6L 
and  420cm2/Vs  are  observed  for  Si  and  SiGe  MOSFEr 
respectively. 


0  0.5  1  1.5  2 


Drain  Voltage  (V) 

Figure  6.  Output  Characteristic  of  18/6 jam  SiGe 
nMOSFET  Vgs-Vt  =0  -  3.5V  in  steps  of  0.2V 

The  reduced  value  for  the  SiGe  device  is  attributed  to 
increased  scattering  due  to  the  higher  density  of  interface 
states.  Interface  roughness  could  also  be  a  factor; 
however,  figure  8  shows  a  high  resolution  cross- 
sectional  electron  micrograph  of  a  plasma  oxide  on  SiGe 
revealing  that  the  interface  is  very  abrupt  and  well 
defined  and  not  significantly  different  from  the  plasma 
oxide  on  Si  case  (not  shown  here). 


Figure  7.  Effective  mobilites  of  Si  and  SiGe  MOSFETs 
as  a  function  of  Vgs-Vt  exptrapolated  zero  field  values  of 
640  and  420cm2/Vs  respectively. 


The  theoretical  transverse  mobility  of  electrons  in  SiGe 
has  been  predicted  to  be  lower  than  in  Si  due  to 
enhanced  alloy  scattering7  and  so  the  reduced  mobility 
measured  could  be  a  combination  of  alloy  and  interface 
scattering. 


5nm 

Figure  8.  High  resolution  TEM  image  of  SiGe  (bottom 
layer)  interface  with  mixed  oxide. 

Turning  now  to  the  composition  of  the  oxide  grown  on 
SiGe  by  plasma  anodisation,  it  has  been  found  from  a 
study  using  XPS2  that  the  oxide  is  mixed,  comprising  of 
Si02  and  Ge02  with  the  exception  of  a  small  percentage 
of  unoxidised  Ge  species  whose  concentration  agrees 
with  that  found  in  earlier  avalanche  injection  studies1.  A 
complementary  study  using  Rutherford  Backscattering 
Spectrometry  on  the  same  sample  agrees  with  the  above 
findings  within  fitting  uncertainties.  Simulated  annealing 
analysis  of  RBS  data8  was  performed  giving  agreement 
with  XPS  results  showing  a  mixed  oxide  consisting  of  on 
average  19at.%  of  Ge  and  an  underlying  SiGe  layer  of 
approximately  21at.%  Ge  concentration. 


Channel  Number 

Figure  9.  RBS  spectra  of  plasma  oxidised  SiGe:Si  layer, 
■  non-channelling  spectra,  •  channelling  spectra  and  + 
channelling  spectra  of  plasma  oxidised  Si  control 
sample. 

The  RBS  spectra  identify  the  existence  of  Ge  in  the 
oxide  and  from  comparison  with  channelling  spectra, 
crystalline  SiGe  under  the  gate  as  indicated  by  the 
reduction  of  the  Ge  peak  as  a  consequence  of 
channelling. 


D|t  crrf2BV'1  Capacitance  pF 
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The  differences  of  pure  Si  and  SiGe  plasma  oxide 
interfaces  are  now  investigated.  A  sample  was  grown  by 
gas  source  MBE  at  650°C  and  comprised  of  a  Si 
buffer/1  OOnm  strained  Si0.84Ge0.i6  /8nm  Si  cap.  All  layers 
were  doped  with  boron  to  1017cm"3.  Plasma  oxides  were 
then  grown  at  100°C  to  thicknesses  to  consume  the  Si 
and  SiGe  layer  by  varying  degrees.  MOS  capacitors  were 
formed  by  shadow  evaporation  of  Al  followed  by  a  post 
metal  anneal  (PMA)  in  H,  at  450°C  for  30  mins.  Quasi¬ 
static  C-V  measurements  for  MOS-Cs  with  increasing 
oxide  thickness  are  shown  in  Figure  10a. 

The  first  and  second  plots  (tox  —19,  20nm)  are  judged  to 
correspond  to  the  oxide/semiconductor  interface  moving 
from  inside  the  cap  to  within  the  SiGe  layer.  Subsequent 
plots  correspond  to  consumption  of  SiGe  by  the  oxide 
and  are  characterised  by  a  peak  in  the  fast  state 
distribution,  Ditmax.  (QS  plots  before  PMA  showed  very 
high  Dit  >  1013  cm^eV'1  and  were  difficult  to  analyse). 
Figure  11  shows  the  variation  of  Ditmax  -  Ditmin  as  a 
function  of  oxide  thickness  (and  thickness  of  Ge 
consumed)  where  Ditmin  is  the  minimum  density  of  the 
oxide: Si  interface;  excellent  linearity  is  observed. 


Dit  as  a  function  of  surface  potential.  +  19.0nm 
MOSi:SiGe:Si  Capacitor,  x  20.0nm,  ■  23.5nm, 

•27.0nm  and  CB2.5nm  oxide  thickness. 

Two  possible  explanations  for  the  Dit  peak  and  its  linear 
dependence  are  plasma/radiation  damage  during  the 
oxidation  (linear  growth  regime)  giving  rise  to  Si  and 
oxygen  (plus  Ge)  dangling  oxygen  bonds  which  could 
also  be  responsible  for  excess  fixed  charge.  The  C-V 
plots  indicate  a  switch  in  the  measured  fixed  oxide 
charge  from  positive  to  negative  with  Ge  consumption, 
in  agreement  with  analysis  of  figure  4.  Figure  10b)  also 


indicates  a  shift  in  energy  of  the  peak,  towards  the 
conduction  band  with  increasing  oxide  thickness  (growth 
time).  This  could  reflect  a  monotonic  change  in  the 
compressive  strain  as  the  oxide  interface  ventures  into 
the  SiGe  layer.  Thicker  plasma  grown  oxides  of  SiGe 
have  shown  fast  state  peaks  at  ~Ev  +  0.75  eV  l.  It  could 
also  be  argued  that  the  Ge  profile  is  not  abrupt  and  figure 
1 1  is  explained  by  an  increased  Ge  %  with  depth. 


4.  CONCLUSIONS 


SiGe  surface  channel  nMOSFETs  have  been  fabricated 
using  a  low  temperature  process  with  gate  oxides  formed 
by  plasma  anodisation.  Excellent  off-state  drain  leakage 
and  well-behaved  characteristics  have  been  observed. 
The  influence  on  the  interface  state  density  is  likely  to  be 
the  primary  cause  of  the  degradation  of  the  subthreshold 
characteristic  and  mobility  in  comparison  to  Si  control 
devices.  Material  analysis  has  identified  the  nature  of  the 
oxide  and  interface  showing  a  mixed  composition  and 
formation  of  an  interface  state  peak  and  negative  oxide 
charge  as  SiGe  is  oxidised. 
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Ion  beam  synthesis  of  narrow  Ge  nanocluster  bands  in  thin  Si02  films 
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This  paper  reports  on  self-organization  of  narrow  bands  of  Ge  nanoclusters  in  thin  thermally 
grown  Si02  layers  by  means  of  ion  beam  synthesis.  Although  the  implanted  Ge  profile  is  distribu¬ 
ted  over  almost  the  whole  Si02,  a  6-like  nanocluster  band  very  close  to,  but  well  separated  from 
the  Si/Si02  interface  is  formed  under  specific  implantation  and  annealing  conditions.  The  evoluti¬ 
on  of  this  band  can  be  explained  by  a  model  taking  into  account  collisional  ion  beam  mixing  and 
reactions  near  the  Si/Si02  interface,  which  is  in  good  agreement  with  the  experimental  results. 


1.  INTRODUCTION 

One  of  the  most  promising  approaches  to¬ 
wards  new  structures  suitable  for  future  mi¬ 
croelectronics  is  the  nanocrystal  memory, 
which  recently  has  been  proposed  by  the  IBM 
group  [1].  This  memory  is  based  on  the  effect 
that  electrons  can  be  reliably  stored  even  at 
room  temperature  in  small  semiconductor 
quantum  dots  (dnc^10  nm,  C~10  aF)  embedded 
within  the  gate  oxide  of  the  field  effect  transi¬ 
stor.  The  charge  exchange  between  the  cluster 
and  the  substrate  occurs  via  direct  tunneling. 

The  main  technological  challenge  consists 
in  the  fabrication  of  a  band  of  small  nanoclu¬ 
sters  (mean  size  =5  nm)  with  a  density  of 
about  1012  cm-2  very  close  (<,  5nm  )  to  the  Si/ 
Si02  interface.  CVD  and  PVD  techniques  have 
been  applied  to  form  Si  or  Ge  clusters  on  ul- 
trathin  (~  3  nm)  thermally  grown  Si02  layers 
[3,  4].  Alternatively,  it  has  been  shown  that 
ion  beam  synthesis  (IBS)  is  a  well  suited  me¬ 
thod  to  fabricate  semiconductor  nanoclusters 
in  Si02  layers  [4].  The  IBS  process  for  memory 
applications  is  performed  by  ion  implantation 


of  Si  or  Ge  of  about  1016cm'2  (exceeding  the  so¬ 
lubility  limit  in  the  Si02  matrix)  followed  by 
subsequent  annealing  in  order  to  form  clu¬ 
sters.  Following  this  route  Normand  et  al.  [5] 
applied  very-low  energy  (1-5  keV),  high-flu- 
ence  (>  1016cm‘2)  Si  implantation  into  11  nm 
thin  Si02  films.  After  annealing  they  found  a 
band  of  clusters  around  the  position  of  the 
implantation  peak. 

In  this  paper  we  propose  another  ion  beam 
based  approach  for  the  formation  of  Ge  nano¬ 
clusters  in  thin  Si02  layers.  The  ion  implanta¬ 
tion  is  performed  at  larger  ion  energies  and 
lower  fluences  than  in  ref.  [5],  which  is  more 
comfortable  for  industrial  purposes.  Under 
special  implantation  conditions  we  found  a  ve¬ 
ry  sharp  (6-like)  near-interface  nanocluster 
band,  which  position  differs  to  the  implantati¬ 
on  profile  maximum.  The  formation  of  the  clu¬ 
ster  band  as  a  result  of  a  self-organising  pro¬ 
cess  is  explained  by  a  model  taking  into  ac¬ 
count  ion  beam  interaction  in  the  Si02  matrix 
and  interface  reactions. 
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2.  EXPERIMENTAL 


Thin  Si02  films  of  30  nm  thickness  have 
been  prepared  on  (100)  Si  wafers  by  thermal 
oxidation.  Afterwards,  the  wafers  were  im¬ 
planted  with  74Ge  ions  at  12  or  20  keV  to  vary 
the  position  of  the  implantation  profile  with 
respect  to  the  Si/Si02  interface.  The  fluence 
ranged  from  3-5xl015cm"2,  which  results  in  a 
Ge  peak  concentration  of  about  3  at.%.  After  a 
cleaning  procedure  identically  prepared  sam¬ 
ples  were  annealed  using  rapid  thermal  (950 
°C,  30  sec,  N2)  or  furnace  (900°C,  30  min,  N2) 
annealing  (RTA  or  FA),  respectively. 

Transmission  electron  microscopy  (TEM) 
using  a  Philips  CM300-TEM  has  been  perfor¬ 
med  at  cross  sectional  prepared  specimens  to 
investigate  the  nanocluster  formation  in  the 
Si02  films.  The  detection  limit  of  the  cluster 
size  is  about  2  nm.  In  addition,  Rutherford 
backscattering  spectrometry  (RBS)  with  4He 
ions  of  1.7  MeV  was  applied  to  measure  the  Ge 
distribution  in  the  Si02  layer.  Using  an  inci¬ 
dence  of  70°  perpendicular  to  the  surface  a 
depth  resolution  of  <  2  nm  could  be  realized. 

3.  RESULTS  AND  DISCUSSION 

Fig.  1  shows  the  Ge  depth  distribution  for 
an  implantation  of  20  keV  /  5xl015  cm"2  for  the 
as-implanted  state  and  after  different  thermal 
treatments.  The  as-implanted  profile  is  cha¬ 
racterised  by  a  single  peak  located  at  16  nm, 
which  corresponds  to  the  expected  value  from 
TRIM-calculations  (Rp=18  nm).  However,  after 
RTA  processing  the  situation  has  completely 
changed.  The  Ge  profile  is  now  characterised 
by  a  double  peak  distribution,  with  a  peak  at 
about  12  nm  and  a  second  Ge  peak,  which  is 
very  close  to  the  Si/Si02  interface.  After  FA  at 
900°C  for  30  min  a  broad  Ge  distribution  with 
only  a  weak  Ge  decoration  of  the  Si/Si02  can 
be  observed. 

In  TEM  micrographs  no  nanoclusters  can 
be  detected  in  the  as-implanted  state.  After  RTA 
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Fig.  1:  RBS-spectra  showing  the  Ge  depth  distribution  af¬ 
ter  implantation  (74Ge  /  20  keV  /  5xl015  cm'2)  in  30  (32)  nm 
Si02  films  for  the  as-implanted  state  and  after  RTA 
(950°C,  30  sec)  or  FA  (900°C,  30  min),  respectively. 

processing  we  found  two  different  cluster 
bands,  which  are  separated  by  a  zone  free  of 
clusters  (Fig.  2).  A  relatively  broad  “bulk”  clu¬ 
ster  band  of  about  10-12  nm  width  is  located 
around  the  peak  position  of  the  initial  im¬ 
plantation  profile  (slightly  shifted  towards 
the  surface).  The  clusters  have  a  mean  size  of 
(3,5±1,0)  nm  and  the  cluster  density  can  be 
estimated  to  about  8xlOucm"2.  The  second 
cluster  band  is  located  in  a  distance  of  only  2- 
3  nm  from  the  Si/Si02  interface.  This  cluster 
band  is  very  narrow  (6-like)  and  consists  of  a 
plane  of  single,  clearly  separated  nanoclu¬ 
sters  parallel  to  the  Si/Si02  interface.  The 
mean  size  of  these  spherical  clusters  is  slight¬ 
ly  smaller  (3,0  ±1,0)  nm  as  compared  to  the 
bulk  clusters.  The  cluster  density  within  this 
band  is  about  5x  10ncm"2  (±50%).  All  clusters 
have  been  found  to  be  in  the  amorphous  sta¬ 
te.  The  position  of  the  cluster  bands  corres¬ 
ponds  to  the  Ge  distribution  measured  by 
RBS.  That  means,  that  the  implanted  Ge  is 
mainly  within  the  clusters. 
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Fig.2  TEM  micrograph  showing  ion  beam  synthesised 
Ge  (or  oxidised  Ge)  nanoclusters  in  a  32  nm  Si02  film  af¬ 
ter  implantation  and  annealing  at  950°C,  30  sec,  N2.  The 
different  cluster  bands  in  the  bulk  and  very  close  to  the 
Si/Si02  can  be  clearly  distinguished. 

In  the  case  of  FA  (900°C,  30  min)  TEM  mi¬ 
crographs  show  no  evidence  for  Ge  clusters.  In 
particular,  as  expected  from  the  RBS  spec¬ 
trum  (Fig.  1)  no  near-interface  cluster  band  is 
observed.  A  careful  analysis  of  the  RBS  spec¬ 
trum  shows,  that  a  small  amount  of  Ge  is  now 
incorporated  into  the  first  monolayers  of  the 
Si  substrate.  Additional  investigations  (not 
presented  here)  give  rise  to  the  conclusion, 
that  nearly  all  Ge  is  now  in  the  oxidized  state 
(GeOx),  where  the  oxygen  comes  from  residual 
moisture  present  even  in  the  high  purity  (5.0) 
annealing  atmosphere  [6]. 

For  comparison  the  experiment  has  been 
repeated  at  an  implantation  energy  of  12  keV 
(Rp=  12  nm).  No  significant  Ge  redistribution 
with  respect  to  the  as-implanted  profile  can  be 
established  by  RBS  for  all  annealing  procedu¬ 
res.  TEM  analysis  reveal  Ge  nanocluster  for¬ 
mation  only  as  a  bulk  cluster  band  around  the 
peak  of  the  implantation  profile  after  RTA 
processing.  The  size  and  density  of  the  clu¬ 
sters  are  similar  to  the  values  mentioned  abo¬ 
ve.  No  near-interface  cluster  band  was  found. 

4.  MODEL  FOR  THE  NEAR-INTERFACE 
CLUSTER  BAND 


It  has  been  found  by  several  experiments  [7, 
8]  that  under  specific  implantation  conditions 
the  formation  of  an  interface  nanocluster  band 
can  be  observed  independent  of  the  implanted 
species  (Ge,  Sn,  Sb  etc.)  or  the  thickness  of  the 
Si02  layer.  Therefore,  this  effect  is  assumed  to 
reflect  intrinsic  mechanisms  of  the  ion  implan- 
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Fig.  3  Ge  distribution  (left)  and  number  of  displacements 
(right)  of  12  and  20  keV  74Ge  implantation  into  30  nm 
Si02  films  calculated  by  the  TRIM  code  (TRIM-96). 

Our  model  of  the  formation  of  a  near-inter¬ 
face  cluster  band  is  based  on  the  dynamics  of 
irradiation  defects.  TRIM  calculations  (see 
Fig.  3)  show  for  the  20  keV  implantation  an 
average  value  of  1.5  dpa  at  the  Si02/Si  in¬ 
terface.  This  implies,  that  due  to  collisional 
mixing  (mainly  by  the  recoil  atoms)  every 
atom  of  the  Si02  network  is  displaced  at  least 
once,  which  means  a  dissociation  of  the  Si02 
network  into  the  elemental  components  Si  and 
O.  Whereas  within  the  Si02  layer  displaced  Si 
and  O  recombine,  the  Si02/Si  interface  acts  as 
a  strong  sink  mainly  for  oxygen  due  to  its  rela¬ 
tively  large  diffusion  coefficient  during  irra¬ 
diation.  As  a  result  the  Si02  region  close  to  the 
Si  substrate  becomes  depleted  from  oxygen  or, 
conversely,  Si  accumulates  above  the  stoichio¬ 
metric  value.  This  phenomenon  has  been  pro- 
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Si  Si02  Surface 


Fig.  4  Result  of  the  3D  kinetic  MC-simulation  of  the  evo¬ 
lution  of  an  interface  nanocluster  band 


ven  by  STM-EDX  measurements  at  appropria¬ 
tely  irradiated  500  nm  thick  Si02  layers  on  Si 
[9].  Rate-equation  studies  assuming  realistic 
diffusion  coefficients  reveal,  that  the  maxi¬ 
mum  value  of  Si  excess  is  realised  in  a  distan¬ 
ce  of  about  3-4  nm  from  the  Si/Si02  interface. 
During  subsequent  thermal  treatment  the 
excess  Si  atoms  form  precipitates  onto  which 
Ge  diffusing  from  the  implanted  region  con¬ 
densed. 

A  corresponding  kinetic  3D  lattice  Monte 
Carlo  (MC)  simulation  [10]  starting  with  a 
Gaussian-like  Ge  profile  and  taking  into  ac¬ 
count  the  excess  Si  close  to  the  Si02/Si  inter¬ 
face  qualitatively  describes  the  experimental 
results  (Fig.  4).  During  the  simulated  annea¬ 
ling  a  near-interface  band  of  Ge  nanoclusters 
(containing  Si)  and  additional  Ge  clusters 
around  Rp  are  formed,  which  are  separated  by 
a  zone  nearly  free  of  clusters. 

Since  in  the  case  of  the  12  keV  implantati¬ 
on  almost  no  dpa  are  created  close  to  the  Si02/ 
Si  interface  (see  Fig.  3),  no  accumulation  of  ex¬ 
cess  Si  is  obtained.  As  the  Si  precipitates  are  a 
prerequisite  of  our  model,  no  near-interface 
Ge  nanoclusters  can  be  expected  in  this  case. 

5.  CONCLUSIONS 

The  presented  model  gives  an  explanation 
for  the  IBS  based  formation  of  5-like  nano¬ 
cluster  bands  near  the  Si/Si02  interface  due  to 
a  self-organising  process,  which  agree  with  the 
experimental  results.  It  should  be  pointed  out, 
that  this  nanocluster  band  is  metastable.  Due 
to  evaporation  of  Ge  from  the  cluster  surface 


or  (in  most  cases)  due  to  chemical  reactions 
with  residual  contaminations  (oxygen  and/or 
hydrogen)  within  the  annealing  atmosphere 
the  cluster  band  may  disappear,  especially  at 
higher  temperatures  (>  900°C)  and/or  longer 
annealing  times  (>  15  min)  [6].  Much  care  has 
to  be  spent  to  realise  reproducibly  clean  and 
dry  annealing  conditions. 
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Abstract 

For  nonvolatile  memory  applications,  a  novel 
oxide  grown  on  polysilicon  by  anodic  oxidation 
(anodic  polyoxide)  is  first  investigated.  In  this 
work,  the  electrical  characteristics  of  anodic 
polyoxide  is  discussed  and  compared  with  the 
conventional  thermal  polyoxide.  The  results 
show  that  the  anodic  polyoxide  exhibits 
considerably  excellent  characteristics,  i.e.,  low 
leakage  current,  high  breakdown  electric  field, 
and  high  reliabilities. 

1.  Introduction 

For  nonvolatile  memory  applications,  the 
scaling  down  of  device  geometry  requires  high 
quality  thin  polyoxide  in  order  to  keep  a  high 
gate-coupling  ratio  and  improve  the  data 
retention  characteristics.  However,  the  polyoxide 
films  formed  by  high  temperature  oxidation  still 
suffer  from  high  leakage  current  and  low 
dielectric  strength,  compared  with  the  oxide 
grown  on  single-crystalline  silicon  [1-3].  These 
can  be  attributed  to  the  non-uniform  thickness  of 
the  polyoxide  film  and  the  asperity  at 
polysilicon/polyoxide  interface,  which  can  lead 
to  a  serious  enhancement  of  localized  electric 
field  [4-5].  In  this  work,  anodic  oxidation  of 
polysilicon  is  fust  proposed,  and  anodic 
polyoxide  is  investigated  and  compared  with 
conventional  polyoxide  prepared  by  furnace. 


2.  Experiment 

40  nm-thick  oxide  was  prepared  on  P-type 
wafers  with  thermal  oxidation.  Then,  300-nm 
thick  in-situ  doped  polysilicon  layer  (polyl)  with 
sheet  resistance  of  35  /  was  prepared  at 

550  .  Anodic  polyoxide  was  grown  in  0.01wt% 
citric  acid  solution  at  35  V  for  3  min.  For 
comparison,  polyoxide  grown  by  furnace  at 
850  was  also  prepared  to  serve  as  control 
sample  (thermal  polyoxide).  Subsequently,  a 
second  layer  of  in-situ  doped  polysilicon  (poly2) 
of  300-nm  thick  was  deposited.  Some  anodic 
polyoxide  samples  received  a  post-poly2 
annealing  with  RTP  at  700  for  30  sec  in  N2 
ambient  (i.e.,  post-anneal  samples).  After 
defining  poly2,  all  samples  received  a  500nm- 
thick  oxide  via  PECVD  as  a  passivation  oxide. 
Contact  holes  were  then  opened,  and  500nm- 
thick  TiN/Al/TiN/Ti  electrode  was  deposited  and 
patterned.  As  shown  in  Fig.  1, 
poly2/polyoxide/polyl  capacitors  were 
completed.  Finally,  all  samples  were  sintered  at 
350  for  20  min  in  N2  ambient.  From  C-V 
measurement,  the  thickness  of  anodic  and 
thermal  polyoxide  is  7.0  nm. 

3.  Results  and  Discussion 

Figure  2  (a)  and  2  (b)  compare  the  current 
density  vs  electric  field  (J-E)  characteristics 
under  positive  (+Vg)  and  negative  (-Vg)  bias  for 
as-grown,  post-annealed  anodic-polyoxide 
samples  and  thermal  poly  oxide  sample.  The 
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Top  electrode 


Fig.  1.  Cross-sectional  view  of  n+-polysilicon/ 
polyoxide/n+-polysilicon  capacitors . 


Effective  electric  field  E  (MV  /  cm) 
(a)  Positive  bias  (+Vg) 
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Fig.  2.  J-E  characteristics  of  anodic  polyoxide 
compared  with  thermal  polyoxide  under  (a) 
positive  bias  (+Vg)  and  (b)  negative  bias  (-Vg). 


anodic  polyoxide  depicts  smaller  leakage  current 
and  higher  onset  of  tunneling  field  than  those  of 
thermal  polyoxide  for  both  bias  polarities.  In 
addition,  for  anodic  polyoxide  the  phenomenon 
that  the  onset  tunneling  field  under  bottom 
injection  (+Vg)  is  lower  than  that  under  top 
injection  (-Vg)  does  not  appear.  The  higher  onset 
of  tunneling  fields  indicate  that  the  enhancement 
of  localized  electric  field  is  less  severe.  It 
implies  that  for  anodic  polyoxide  the  roughness 
at  polysilicon/polyoxide  interface  has  been 
reduced,  compared  to  that  of  thermal  polyoxide. 
In  fact,  atomic  force  microscopy  (AFM)  has 
verified  that  the  roughness  at  polysilicon/anodic 
polyoxide  is  indeed  better  than  that  for  thermal 
poly  oxide. 

Furthermore,  anodic  polyoxide  can  sustain  a 
much  higher  current  density  near  dielectric 
breakdown.  The  effective  electron  barrier 
heights  under  positive  bias  for  thermal,  as- 
grown,  and  post-anneal  samples  are  2.1,  2.7,  and 
2.7  ev,  respectively;  while  those  under  negative 
bias  are  2.3,  2.6,  and  2.6  ev,  respectively. 

Figure  3  (a)  and  3  (b)  compare  the  Weibull 
breakdown  field  (Ebd)  plots  for  as-grown,  post- 
annealed  anodic-polyoxide  samples  and  thermal 
polyoxide  sample  under  positive  and  negative 
biases,  respectively.  For  thermal,  as-grown,  and 
post-anneal  samples,  the  breakdown  electric 
fields  at  50%  cumulative  failure  under  positive 
bias  are  9.1,  15.2,  and  15.4  MV/cm, 

respectively;  while  under  negative  bias,  they  are 
10.2,  13.9,  and  14.4  MV/cm,  respectively. 
Clearly,  anodic  polyoxide  samples  show  higher 
breakdown  field  than  thermal  polyoxide  sample 
under  both  bias  polarities.  This  results  show  the 
anodic  polyoxide  has  more  densified  film  quality 
and  more  stable  Si-0  bond  structure  than 
thermal  poly  oxide. 
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Breakdown  field  (MV  /  cm) 
(a)  Positive  bias  (+V g) 


Breakdown  field  (MV  /  cm) 

(b)  Negative  bias  (-Vg) 

Fig.  3.  Weibull  breakdown  field  plots  of  anodic 
polyoxide  compared  with  thermal  polyoxide 
under  (a)  positive  bias  and  (b)  negative  bias. 

It  is  well  known  that  the  higher  quality 
oxide  the  less  electron  trapping.  The  Weibull 
charge-to-breakdown  (Qbd)  plots  under  +40 
mA/cm2  and  -40  mA/cm2  stress  are  shown  in 
Figure  4  (a)  and  4  (b),  respectively.  For  thermal, 
as-grown,  and  post-anneal  samples,  the  Qbd  at 
50%  cumulative  failure  under  +40  mA/cm2 
stress  are  0.4,  2.1,  and  2.4  C/cm2,  respectively; 
while  under  -40  mA/cm2  stress,  they  are  0.3,  1.6, 
and  2.4  C/cm2,  respectively.  Anodic  polyoxide 
samples  show  larger  Qbd  than  thermal  polyoxide 
sample  under  both  current  stresses.  The  anodic 


polyoxide  samples  indeed  suffer  from  less 
electron  trapping  and  thus  have  larger  Qbd  than 
thermal  polyoxide  sample. 


Charge  to  breakdown  (C  /  cm 2) 
(a)  +40  mA/cm2  stress 


Charge  to  breakdown  (C  /  cm 2) 
(b)-40  mA/cm2  stress 


Fig.  4  Weibull  charge-to-breakdown  plots  of 
anodic  polyoxide  compared  with  thermal 
polyoxide  under  (a)  +40  mA/cm2  stress  and  (b)  - 
40  mA/cm2  stress. 


4.  Conclusion 

In  conclusion,  application  of  anodic  oxidation 
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on  polysilicon  is  first  proposed.  The  anodic 
polyoxide  has  higher  effective  electron  barrier 
height,  higher  electric  breakdown  field  and 
higher  charge-to-breakdown  than  the 
conventional  thermal  polyoxide.  A  post-poly2 
RTA  treatment  can  further  improve  the  electrical 
characteristics  of  anodic  polyoxide.  From  these 
excellent  characteristics,  we  believe  that  anodic 
polyoxide  will  be  a  highly  potential  candidate  as 
high  quality  thin  polyoxide  for  nonvolatile 
memory  applications. 
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Oxidation  of  silicon  carbide  (SiC)  provides  a  possibility  to  combine  the  unique  electronic  and  thermal 
properties  of  this  semiconductor  with  the  surface  passivation  attained  by  the  natural  insulating  oxide  SiC>2,  in  a 
similar  way  as  it  is  done  for  silicon.  However,  the  electron  transport  at  the  oxidized  SiC  surfaces  is  deteriorated 
by  the  SiC/oxide  interface  imperfections  much  more  strongly  than  in  the  Si/Si02  structures.  Two  main 
contributions  to  the  enhanced  SiC/SiC>2  defect  densities  are  revealed,  including  the  carbon-related  states  and  the 
near-interfacial  oxide  defects  with  energy  levels  in  the  SiC  bandgap.  These  defects  can  be  formed  not  only 
during  the  oxide  formation  or  annealing,  but,  also,  as  a  result  of  charge  injection  at  the  SiC/oxide  interface 
which  stresses  the  importance  of  the  degradation  effects  in  the  SiC  electronic  devices. 


1.  INTRODUCTION 

Due  to  their  physical  and,  in  particular,  electronic 
properties  various  crystallographic  modifications 
(polytypes)  of  silicon  carbide  (SiC)  have  attracted 
great  interest  as  materials  alternative  to  silicon  in 
electronic  device  manufacturing  [1,2].  The  most 
important  properties  of  SiC  are  the  large  bandgap 
width  (from  2.38  eV  for  3C-SiC  to  3.26  eV  for  4H- 
SiC  [3]),  the  high  critical  electric  field,  the  high 
saturation  electron  velocity,  and  the  high  thermal 
conductivity.  These  properties  promise  superior,  as 
compared  to  Si,  performance  of  SiC  devices  in 
extreme  conditions  of  operation  such  as  at  high 
voltages,  high  power  levels,  high  temperatures,  and 
high  frequencies.  Moreover,  SiC  has  a  significant 
advantage  over  other  wide-gap  semiconductors 
related  to  the  possibility  to  grow  insulating  SiCh 
overlayers  by  simple  thermal  oxidation.  Taking  into 
account  the  achievements  in  the  SiC  crystal  growth, 
the  latter  was  long  considered  as  a  guarantee  of 
rapid  success  in  the  SiC  metal-oxide-semiconductor 
(MOS)  device  development  [1,2,4,5]. 

However,  the  SiC  MOS  devices,  albeit  fabricated 
in  recent  years  by  many  groups,  have  not  yet  met 
the  expectations.  Their  failure  is  largely  related  to 
the  greatly  enhanced  density  of  imperfections  at  the 
SiCVSiC  interface,  which  not  only  degrades  the 
device  performance  but,  also,  may  cause  device 
reliability  problems  in  relationship  with  anticipated 
extreme  operation  conditions.  Thus,  reduction  of  the 


SiC^/SiC  interface  defect  density  becomes  a  key 
issue  in  the  development  of  SiC  MOS  technology. 
Experience  of  the  past  few  years  indicates  that  the 
standard  ways,  known  from  the  Si  MOS  processing, 
to  reduce  the  density  of  electrically  harmful  defects 
fail  for  Si02/SiC  structures.  Clearly  then,  a  better 
understanding  of  the  defect  nature  in  the  oxidized 
SiC  is  needed  in  order  to  find  technologically 
feasible  methods  to  eliminate  and/or  passivate  the 
defect  sites. 

Another  aspect  of  the  problem  is  related  to  the 
supposed  use  of  the  SiO^semiconductor  interface  in 
SiC  MOS  devices  in  much  more  harsh  conditions 
(high  electric  field,  high  temperature,  hydrogen 
exposure)  than  in  Si  MOS  structures.  The  oxide 
degradation  may  pose  limits  to  the  range  of  device 
operation  parameters  (see,  e.g.,  Ref.  6)  reducing  the 
gains  provided  by  intrinsic  SiC  properties  and 
forcing  us  to  search  for  an  alternative  insulating 
material  for  SiC  [7,8]. 

Primarily,  two  aspects  of  the  defect  problem  will 
be  addressed  in  the  present  paper:  First,  the  possible 
reasons  for  the  enhanced  defect  density  in  the  as- 
prepared  Si02/SiC  structures  as  compared  to 
oxidized  Si  will  be  discussed.  Second,  a  highly 
efficient  SiC/oxide  interface  defect  generation  by 
injection  of  electrons  and  holes  into  the  oxide  layer 
will  be  demonstrated.  The  latter  suggests  that  there 
are  significant  hot-carrier  reliability  problems  to  be 
addressed  in  the  SiC  MOS  electronics. 
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Table  1.  Energy  band  diagram  parameters  of  the 
interfaces  of  SiQ?  with  Si  and  SiC _ 


Si 

3C-SiC 

15R-SiC 

6H-SiC 

4H-SiC 

Eg(eV)  1.12 

2.38 

2.96 

3.02 

3.26 

AEc(eV)  3.15 

3.6 

3.0 

2.95 

2.7 

AE/eV)  4.6 

2.9 

2.9 

2.9 

2.9 

Fig.  1.  Schematic  energy  band  diagram  of  the 
SiC/SiCb  interface  indicating  the  principal 
parameters  listed  in  Table  1. 

2.  BAND  DIAGRAM  OF  SiCVSiC  INTERFACE 

The  primaiy  requirement  to  the  gate  or  field 
dielectric  consists  in  an  efficient  blockage  of  the 
charge  carrier  transport  between  transistor  channel 
and  gate.  Thus,  the  energy  barriers  for  electrons  and 
holes  in  semiconductor  have  to  be  high  enough  in 
order  to  prevent  thermally  or  field  stimulated 
injection.  With  the  semiconductor  (Eg)  and  insulator 
(Egj)  bandgap  widths  fixed,  the  energy  diagram 
would  be  optimal  from  the  point  of  view  of  injection 
reduction  if  the  conduction  band  offset  (AEC)  would 
be  equal  to  the  valence  band  offset  (AEy)  at  the 
interface  (Fig.  1).  The  band  diagram  parameters  for 
the  interfaces  of  SiC>2  with  Si  and  four  SiC 
polytypes  are  listed  in  Table  1  [9],  in  which  the 
valence  band  offset  is  calculated  using  E^  =  8.9  eV 
for  thermal  Si02  [10,  11].  It  is  seen  from  the  listed 
data  that  the  band  diagram  of  SiCVSiC  interfaces  is 
nearly  symmetric.  Because  of  this,  the  leakage 
current  in  the  SiC  MOS  structures  remains 
acceptably  low,  even  at  elevated  temperatures 
[8,12,13],  while  other  insulators  (nitrides,  metal 
oxides)  fail  [8].  High  barriers  for  electron  and  hole 
injection  and  good  oxide  quality  also  account  for  the 
high  oxide  breakdown  field  (~10  MV/cm  at  300  K 
[8,14,15,16]).  Good  insulating  properties  of  SiC^ 


ENERGY  (eV) 

Fig.  2.  Energy  distribution  of  interface  state  density 
Nit  for  3C-,  4H-,  and  6H-SiC  MOS  structures 
measured  using  AS  (full  symbols)  and  CC-DLTS 
(open  symbols).  The  origin  of  energy  scale  is  the  top 
of  the  SiC  valence  band;  the  dotted  lines  mark  the 
conduction  band  energies  in  various  SiC  polytypes. 

combined  with  its  technological  feasibility  make  it 
most  suitable  for  the  gate  insulation  of  SiC  [17]. 

3.  INTERFACE  DEFECTS  IN  AS-OXIDIZED 
SiOi/SiC 

3.1  Energy  distribution  of  the  interface  states 
Despite  the  high  quality  of  the  thermally  grown 
SiQ2  (comparable  to  the  oxide  grown  on  Si),  the 
oxidized  SiC,  particularly  crystals  of  p-type 
conductivity,  exhibit  a  much  less  perfect  interface 
than  the  oxidized  Si.  This  is  exemplified  in  Fig.  2 
by  the  energy  distribution  of  SiOj/SiC  interface 
states  (Nit)  measured  for  three  SiC  polytypes  (3C, 
4H,  6H)  using  the  admittance  (AS)  and  the  high- 
temperature  constant  capacitance  deep-level 
transient  (CC-DLTS)  spectroscopies  [18].  The 
increase  of  Nit  from  approximately  midgap  towards 
valence  band  is  seen  for  all  the  SiC  polytypes, 
indicating  a  common  type  of  interface  states.  These 
states  are  donor  type  and  largely  account  Ar  the 
positive  charge  commonly  observed  in  the  p-type 
SiC  MOS  structures.  In  the  n-type  samples  they  are 
filled  with  electrons  and  remain  neutral. 
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Fig.  3.  Spectral  dependences  of  the  IPE  yield  for  n- 
type  3C-  (O),  4H-  (□),  and  6H-SiC  (A)  MOS 
structures  measured  with  an  electric  field  strength 
in  Si02  of  3  MV/cm.  The  insert  shows  a  schematic 
band  diagram  and  the  spectral  thresholds  of  electron 
transitions. 

A  high  density  of  the  interface  states  in  the  lower 
part  of  the  SiC  bandgap  is  also  observed  in  the 
internal  electron  photoemission  experiments  (IPE), 
in  which  electrons  are  optically  excited  from  the 
states  at  the  semiconductor  surface  and  emitted  into 
the  oxide.  As  can  be  seen  from  the  spectral  curves 
of  the  IPE  yield  (Fig.  3),  in  addition  to  the 
fundamental  spectral  thresholds  Oi  and  03 
corresponding  to  the  excitation  of  electrons  from  the 
conduction  and  valence  bands  of  SiC,  respectively, 
there  is  an  additional  emission  with  spectral 
threshold  02  corresponding  to  the  excitation  of 
electrons  from  states  with  energy  within  the  SiC 
bandgap  [9,18].  These  states  are  observed  in  all  the 
studied  SiC  polytypes  (also  in  15R-SiC  [9D  which 
make  us  believe  that  the  electrical  techniques  (Fig. 
2)  and  the  IPE  (Fig.  3)  reveal  the  same  defects. 

The  density  of  the  SiCySiC  interface  states 
appears  to  be  highly  sensitive  to  the  orientation  of 
the  substrate  crystal:  both  the  electrical  data  and 
IPE  indicate  that  Nit  is  much  higher  on  the  carbon 
face  of  hexagonal  SiC  [(OOOl)  plane]  than  on  the 
silicon  face  [(0001)  plane]  [9,18,19].  Oxidation  of 
other  SiC  planes  leads  to  higher  defect  densities 
than  at  the  Si-face  SiC/oxide  interface  [18,20].  An 
amorphization  of  the  SiC  surface  results  in  a  great 
Nit  increase,  leading  to  Fermi  level  pinning  [21]. 


Fig.  4.  1  kHz  C-V  curves  for  an  n-type  4H-SiC 
MOS  capacitor  with  100-nm  thick  oxide  measured 
at  room  (solid  line)  and  low  (dash-dotted  line) 
temperatures  at  the  voltage  sweep  rate  of  0.4  V/s. 
The  arrows  indicate  the  direction  of  voltage  sweep. 


Importantly,  the  general  type  of  the  interface  state 
distribution  -  higher  density  of  states  in  the  lower 
half  of  the  SiC  bandgap  as  compared  to  the  upper 
part  is  observed  irrespectively  of  particular  plane 
chosen  for  oxidation  [18].  This  observation  shows 
that  the  SiC  substrate  orientation  influences  the 
number  of  the  defects  but  not  their  type. 

Another  component  of  the  SiC^/SiC  interface 
spectrum  is  seen  close  to  the  conduction  band  edge 
in  the  6H-  and  4H-SiC  MOS  structures  (Fig.  2).  It 
can  also  be  directly  observed  by  capacitance-voltage 
(C-V)  measurements  at  low  temperature.  In  Fig.  4 
are  shown  the  C-V  curves  measured  in  a  n-type  4H- 
SiC  MOS  structure  at  300  and  at  80  K,  indicating 
that  the  temperature  lowering  leads  to  additional 
electron  trapping.  With  the  accumulation  voltage 
increasing,  the  number  of  trapped  electrons 
increases  suggesting  their  tunneling  to  the  traps. 
The  trapped  electron  density  in  the  6H-SiC  samples 
is  considerably  lower  than  in  the  4H-SiC  ones,  in 
agreement  with  data  shown  in  Fig.  2.  As  no 
additional  charge  trapping  is  observed  neither  in  the 
n-type  3C-SiC  samples  nor  in  the  p-type  SiC  MOS 
structures,  it  is  likely  that  the  shallow  traps  are 
present  only  in  the  energy  range  close  to  the 
conduction  bands  of  4H-  and  6H-SiC.  These 
shallow  traps  may  be  associated  with  oxide  defects 
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revealed  at  both  SiCVSi  and  SiCVSiC  interfaces  by 
using  the  photon-stimulated  tunneling  spectroscopy 
[18,22].  Their  energy  level  is  at  2.8  eV  below  the 
oxide  conduction  band  edge,  i.e.,  at  0.1  eV  below 
the  conduction  band  of  4H-SiC  at  the  interface  with 
the  oxide  (cf.  Table  1). 

Trapping  of  electrons  by  shallow  traps  suggests 
that  these  defects  may  affect  the  effective  channel 
mobility  in  the  4H-SiC  MOS  devices.  Indeed,  this 
trend  is  observed  experimentally:  While  the  lateral 
6H-SiC  n-channel  transistors  show  a  mobility  of  35- 
50  cm2/Vs,  similar  4H-SiC  devices  have  a  mobility 
of  only  4-5  cm2/Vs  [23].  These  values  can  be 
compared  with  the  Hall  electron  mobilities  in  the 
4H-  and  6H-SiC  of  >100  cm2/Vs  measured  at  300  K 
in  the  direction  normal  to  the  c-axis  [24]. 
Apparently,  electrons  are  largely  transferred  from 
the  inversion  channel  to  the  oxide  traps  and  do  not 
contribute  to  the  channel  current.  Also,  these  states 
may  account  for  the  thermally  activated  electron 
transport  along  the  oxidized  SiC  surfaces  [25]. 


VOLTAGE  (V) 


Fig.  5.  Normalized  1  kHz  capacitance  (top)  and 
conductance  (bottom)  as  a  function  of  voltage  for 
the  n-  and  p-type  4H-SiC  MOS  structures  with  50- 
nm  thick  Si02  layers  grown  at  1120  °C  in  dry  C>2 
(solid  lines)  or  in  Ar+H20  (dashed  lines). 


3.2  Effects  of  processing  on  the  interface  states 

Observation  of  higher  defect  density  in  the  p-type 
SiC  MOS  structures  as  compared  to  the  n-type  ones 
led  initially  to  suggestion  that  the  defects  are  related 
to  A1  (used  as  acceptor  dopant  in  SiC)  incorporation 
into  the  oxide  [26].  However,  similarities  observed 
between  Al-  and  B-doped  p-type  SiC  [27],  and  the 
absence  of  an  adverse  influence  of  Al  on  n-type 
SiC/SiCh  samples  prepared  by  over-compensation  of 
the  Al-doped  p-type  SiC  by  nitrogen  implantation 
[28],  allows  to  exclude  Al  as  the  origin  of  poor 
quality  of  SiC/oxide  interfaces.  Obviously  then,  the 
interface  defects  result  from  some  process(es) 
intrinsic  for  the  SiCVSiC  system. 

Technological  experiments  reveal  that  the  density 
of  the  SiCVSiC  interface  states  can  be  reduced  if  the 
pre-oxidation  surface  cleaning  is  performed  using 
an  aggressively  oxidizing  ambient  like  UV-ozone 
[16]  and  oxygen  plasma  [4].  Preservation  of  the 
oxidizing  ambient  during  wafer  loading  was  also 
found  beneficial  [4,27],  These  observations  suggest 
that  the  generation  of  the  SiCVSiC  interface  states 
is  related  to  the  interface  species  unstable  against 
oxidation,  but  resistant  to  the  standard  wet  cleaning. 

Another  way  to  reduce  the  interface  defect  density 
in  p-type  SiC/SiQ*  structures  is  an  additional  re¬ 
oxidation  at  a  lower  temperature  in  presence  of 
water  [29-31].  As  can  be  seen  from  the  MOS 
capacitance  and  conductance  curves  shown  in  Fig. 
5,  the  densities  of  charged  defects  responsible  for 
the  shift  of  the  C-V  curve  and  of  the  fast  interface 
states  accounted  for  the  bell-shaped  conductance 
curves  are  strongly  reduced  if  oxidation  is  done  with 
slow  (0.1  °C/min)  cooling  in  H20-containing 
ambient  as  compared  to  the  standard  dry  oxidation. 
However,  it  appeared  that  the  decrease  in  the  defect 
density  in  p-type  structures  is  accompanied  by  the 
increase  of  defects  number  in  n-type  samples  [31], 
as  also  shown  in  Fig.  5.  The  difference  in  the 
flatband  voltage  between  the  n-  and  p-type  samples 
which  has  to  be  close  to  the  SiC  bandgap  width  in 
an  ideal  MOS  structure,  is  barely  affected  by  the  wet 
process.  Moreover,  the  negative  charge  of  the 
defects  observed  in  the  n-type  samples  seems  to 
degrade  surface  electron  mobility  [31].  Taking  into 
account  that  the  wet  oxidation  leads  to  additional 
oxide  conduction  (see,  e.  g..  Fig.  2  in  Ref.  15)  and 
related  reliability  problems,  one  cannot  say  that  the 
problem  of  Si02/SiC  interface  defects  is  solved. 
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Fig.  6.  Spectral  dependences  of  the  IPE  yield  for  n- 
type  4H-SiC  MOS  structures  with  50-nm  thick 
oxide  grown  at  1 120  °C  in  dry  O2  (O)  or  in  Ar+H20 
(□).  The  curves  were  measured  with  an  electric  field 
strength  in  SiC>2  of  2  MV/cm.  The  SiC  bandgap 
value  and  the  spectral  thresholds  of  electron 
transitions  from  various  states  are  indicated. 

The  reason  for  the  opposite  action  of  wet  oxidation 
on  the  p-  and  n-type  SiC/SiQ)  samples  is  revealed 
by  the  IPE  spectra  shown  in  Fig.  6.  The  major 
impact  of  wet  oxidation  is  ~  10-fold  increase  of  the 
IPE  yield  in  the  low-energy  emission  band  Oi, 
which  corresponds  to  excitation  of  electrons  from 
the  SiC  conduction  band  (cf.  Fig.  3).  As  the  total 
electron  density  at  the  SiC  surface  remains  the  same 
(it  is  determined  by  the  applied  field),  the  yield  rise 
suggests  an  increase  in  the  probability  of  electron 
escape,  which  means  that  electrons  are  excited  not 
from  the  SiC  conduction  band,  but  from  some  other 
states.  The  absence  of  the  yield  drop  at  hv=E&  due  to 
onset  of  electron-electron  scattering  in  SiC  [9] 
suggests  that  in  the  wet-oxidized  samples  electrons 
are  emitted  from  the  oxide  traps  close  to  the 
SiC/oxide  interface.  Apparently  then,  the  wet 
oxidation  results  in  generation  of  oxide  acceptor  - 
type  defects  which  compensate  positive  charge  of 
the  donor  states  (which  remain  untouched:  IPE  in 
the  defect-related  band  d>2  is  unchanged.  Fig.  6) 
and,  because  of  Coulomb  attraction,  shift  the  energy 
levels  of  the  donors  deep  into  SiC  bandgap. 


4.  DEGRADATION  OF  SiOj/SiC  INTERFACES 

4.1  Annealing-induced  Si02/SiC  degradation 
In  the  course  of  device  processing,  the  thermal 
oxidation  represents  one  of  the  first  steps.  After  it, 
the  SiQ>/SiC  structure  may  be  subjected  to  various 
supplemental  thermal  treatments  aimed  on  the 
passivation  or  annealing  of  defects,  activation  of 
doping  impurities,  formation  of  ohmic  contacts,  etc. 
This  additional  processing  may  also  have  a  negative 
effect  on  the  electrical  properties  of  the  SiC/oxide 
interface  and  result  in  generation  of  new  defects.  As 
the  first  indication  of  a  problem,  the  annealing  of 
the  poly- Si  gate  electrode  deposited  on  p-type  6H- 
SiC/SiCb  at  T  >800  °C  was  found  to  increase  the 
interface  state  density,  which  was  ascribed  to  the 
influence  of  thermally-induced  strain  [32].  Very 
similar  effect,  however,  was  reported  for  the  bare 
oxide  samples  annealed  at  1000  °C  in  order  to 
obtain  ohmic  contacts  [30],  suggesting  involvement 
of  some  chemical  factor  in  the  defect  generation. 

Annealing  in  hydrogen,  typically  used  in  the  Si 
MOS  technology  for  defect  passivation,  appears  to 
be  marginally  efficient  in  SiCySiC  structures.  So 
far,  the  only  improvement  observed  is  passivation  of 
interface  states  produced  by  radiation  in  a  sputtering 
metallization  process  [8,33,34].  At  T  >500  °C 
anneal  in  hydrogen  leads  to  positive  charge  buildup 
at  the  interfaces  of  both  n-  and  p-type  SiC  with  SiC>2 
[35].  As  the  similar  effect  is  observed  in  the  Si02/Si 
structures,  it  was  ascribed  to  interaction  of  H  with 
the  near-interfacial  oxide  leading  to  formation  of  a 
over-coordinated  oxygen  center  [36].  The  density  of 
positive  charge  shows  a  trend  to  increase  with 
increase  of  the  conduction  band  offset  at  the 
interface  indicating  that  electron  emission  from  an 
H-related  center  into  semiconductor  (the  interfacial 
ionization  of  hydrogen)  is  in  the  core  of  the 
charging  effect.  Moreover,  in  the  wide-gap  SiC 
polytypes  (4H-,  6H-)  the  H-induced  degradation  is 
found  to  be  substantially  enhanced  in  the  p-type  as 
compared  to  the  n-type  samples.  Apparently,  the 
trapping  of  holes  from  SiC  plays  significant  role  in 
the  interface  degradation  [37].  Taking  into  account 
that  formation  of  the  H-induced  positively  charged 
state  may  be  involved  into  the  interfacial  bond 
rupture  process  [37],  it  is  well  possible  that  the 
presence  of  H  may  also  account  for  the  SiCySiC 
interface  state  generation  upon  anneal. 
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4.2.  Injection-induced  SiO^SiC  degradation 

Electron  injection  in  the  SiC  MOS  oxide  is 
another  source  of  degradation.  Such  injection  may 
be  even  more  efficient  than  the  hot-electron 
injection  in  Si/SiC>2  structures  because,  first,  the 
electric  fields  in  the  SiC  devices  are  much  higher 

[1.13] ,  and,  second,  the  electrons  with  energy  of 
about  3  eV  (sufficient  for  injection  into  the  oxide, 
cf.  Table  1)  will  have  large  free  path  with  respect  to 
electron-electron  scattering  because  of  wide  SiC 
bandgap.  The  presence  of  high-energy  electrons  in 
SiC  is  affirmed  by  efficient  field  emission  of 
electrons  from  SiC  p-n  junctions  into  vacuum  [38]. 
Moreover,  as  the  device  operation  temperature 
increases,  the  interfacial  barrier  becomes  lower 

[12.13]  leading  to  further  increase  of  the  electron 
emission  rate  at  elevated  temperatures. 

As  revealed  by  the  early  studies,  the  electron 
injection  into  the  oxide  grown  on  SiC  results  in 
enhanced  generation  of  interface  states  [33,39]. 
Noteworthy  here  is  that  the  charge  trapping  in  the 
oxide  itself  remains  similar  to  that  in  the  SiC>2 
layers  grown  on  Si  [39-41],  indicating  an  interfacial 
degradation  process.  Electron  injection  results  in 
the  generation  of  both  donors  and  acceptors,  which 


Fig.  7.  Density  of  charge  trapped  at  the  interface 
states  derived  from  the  hysteresis  of  C-V  curves  as  a 
function  of  the  injected  electron  flux  in  p-  (empty 
symbols)  and  n-type  (filled  symbols)  SiC  MOS 
structures  with  ~100  nm-thick  oxides  grown  on  4H- 
(circles),  6H-  (squares)  and  3C-SiC  (triangles). 


leads  to  a  net  positive  charge  in  the  p-type  samples 
and  to  a  negative  one  in  the  n-type  samples.  The 
interface  state  charge  generation  kinetics  shown  in 
Fig.  7  reveals  that  a)  the  density  of  interfacial 
acceptors  is  higher  than  that  of  donors  and  b)  there 
is  a  strong  influence  of  the  SiC  polytype  on  the 
degradation  process:  4H-SiC  samples  show  much 
more  defects  than  6H-  or  3C-SiC  MOS  structures. 
Generation  of  interface  acceptors  correlates  with  the 
presence  of  C  at  the  interface  [41]. 

The  injection-induced  SiC  MOS  degradation  is  not 
only  significantly  enhanced  as  compared  to  the  Si 
MOS  samples  but  also  results  in  defects  more  stable 
than  Si/Si02  interface  states  [39,41].  This  is  seen  in 
Fig.  8  which  demonstrates  the  effect  of  anneal  on 
the  injection-degraded  4H-SiC/SiC>2  interfaces. 
Importantly,  an  efficient  anneal  of  the  defects  at  400 
°C  cannot  be  reached  neither  in  vacuum  nor  in 
hydrogen,  suggesting  that  the  generated  states  are 
likely  related  to  some  stable  bonding  configurations 
of  interfacial  atoms.  These  results  explain  why  an 
enhanced  SiO^SiC  interface  state  density  is 
observed  when  e-beam  or  sputtering  metallization  is 
used  [34].  Clearly,  generation  of  such  stable  defects 
poses  a  serious  threat  to  the  device  reliability. 


ANNEAL  TEMPERATURE  (°C) 

Fig.  8.  Fraction  of  interface  states  in  p-  (o)  and  n- 
type  (•)  4H-SiC  MOS  structures  remaining  at  the 
interfaces  (degraded  by  injection  of  1017  e/cm2)  after 
30  min  annealing  in  vacuum  at  the  indicated 
temperature.  The  arrows  indicate  the  effect  of  30 
min  anneal  in  pure  H2  at  400  °C. 
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5.  ORIGIN  OF  SiO^SiC  IMPERFECTIONS 

Dangling  bonds  of  surface  Si  atoms  (Pb  centers) 
represent  the  main  interface  state  source  at  the 
(lll)Si/Si02  interface  [42],  which  is  structurally 
isomorphic  to  the  oxidized  Si-faces  of  hexagonal 
SiC.  As  these  defects  are  introduced  to  account  for 
the  structural  mismatch  between  Si  and  the  oxide 
[43],  it  is  logical  to  expect  their  presence  at  the 
SiCySiC  interfaces  as  well.  However,  the  interface 
states  observed  in  the  as-oxidized  SiC  appear  to  be 
different  from  the  well-studied  Pb-s  at  least  in  two 
principal  aspects.  First,  they  cannot  be  passivated 
with  hydrogen  [18,35].  Second,  their  electrical 
behavior  is  dissimilar  to  well  known  amphoteric 
character  of  the  Pb  centers  at  the  (1 1  l)Si/SiC>2 
interface  [18].  Probably,  the  dangling  bond  defects 
are  present  at  the  SiCySiC  interfaces,  but,  like  in 
the  SiCySi  structures,  they  are  well  passivated  with 
H  during  processing. 

In  an  attempt  to  explain  the  energy  distribution 
and  stability  of  the  SiCySiC  interface  traps,  it  was 
suggested  that  they  are  related  to  the  carbon  clusters 
with  sp2-bonded  fragments  [18,44].  Indeed,  the 
presence  of  excessive  carbon  at  the  SiC/oxide 
interfaces  was  revealed  by  electron  spectroscopy  [45 
-47]  and  by  electron  spin  resonance  [40].  The 
carbon  cluster  model  succeeds  in  explaining  not 
only  the  stability  of  interface  defects  against 
passivation  with  H,  but,  also,  the  correlation  of  the 
interface  state  density  with  C  presence  at  the 
interface,  modification  of  their  spectrum  at  high  C 
contents  (graphitization),  and  the  inhomogeneous 
distribution  of  the  interfacial  electrostatic  potential 
[48].  The  strong  sensitivity  of  the  interface  state 
density  to  the  pre-oxidation  SiC  surface  treatments 
[16,49]  points  towards  surface  defects  and/or  carbon 
contaminants  as  possible  nucleation  sites  for  carbon 
during  oxidation.  Atomic  force  microscopy  of  SiC 
surfaces  after  oxide  removal  shows  that  they  contain 
imperfections  in  a  density  much  higher  than 
(1 1  l)Si/SiC>2  (see,  e.g..  Fig.  8  in  Ref.  47).  Moreover, 
in  the  oxidized  4H-SiC  the  interface  state  density 
was  found  to  correlate  with  the  presence  of  clusters 
which  chemically  resemble  carbon  [35]. 

Another  possible  source  of  the  interface  states  at 
the  SiCySiC  interfaces  are  the  oxide  defects  with 
energy  levels  inside  the  SiC  bandgap.  In  addition  to 
the  already  mentioned  2.8-eV  deep  acceptor  centers 


[18],  one  may  recall  the  H-decorated  oxygen 
vacancy  as  operating  electron  trap  with  energy  level 
at  3.1  eV  below  the  Si02  conduction  band  [50], 
Donor-type  states  may  also  originate  from  oxide 
defects:  The  energy  of  the  0/+  levels  of  oxygen 
vacancy  centers  are  predicted  to  be  in  the  range  of 
4.3-5  eV  below  the  oxide  conduction  band  [51,52]. 
Taking  into  account  that  the  E’y-centers  related  to 
the  O-vacancy  defects  have  been  observed  in  the 
SiC/SiC>2  structures  [40],  contribution  of  these  oxide 
defects  to  the  Nit  distribution  cannot  be  excluded. 

It  may  appear  difficult  to  distinguish  between  the 
two  latter  contributions  to  the  interface  states 
density,  because,  as  known  from  SiCySi  structures, 
the  presence  of  carbon  promotes  thermally-induced 
oxide  degradation  [53,54].  Thus,  in  the  vicinity  of  C 
clusters,  carbon  can  promote  SiC>2  reduction  [53]: 

SiQ>  +  2C  Si  +  2COT,  (1) 

where  symbol  Si  should  be  understood  as  formation 
of  an  oxygen-deficient  defect  in  the  oxide. 
According  to  this  scenario,  any  presence  of  carbon 
at  the  SiC/Si02  interface  in  a  bonding  configuration 
different  than  that  in  SiC  may  have  a  potentially 
deteriorating  effect  on  the  electronic  properties  of 
the  interface  and  of  the  oxide. 

6.  CONCLUSIONS 

The  high  density  of  the  interface  defects  represents 
the  major  obstacle  for  a  wide  SiCySiC  application 
in  solid  state  electronics.  With  the  two  main  sources 
of  excessive  (with  respect  to  the  oxidized  Si)  defects 
isolated  as  interfacial  carbon  and  the  oxide  defects, 
one  can  point  to  possible  ways  to  improve  the 
situation.  First,  pre-oxidation  preparation  of  the  SiC 
substrate  aiming  surface  defect  elimination  and 
carbon  removal,  may  be  useful  to  suppress 
formation  of  extra  defects.  Second,  as  the  intrinsic 
SiC>2  defects  are  naturally  incorporated  into  the 
oxide  and  cannot  be  avoided,  the  SiC  polytype  is  to 
be  chosen  to  minimize  their  influence.  As  it  has 
become  clear  now,  4H-SiC  seems  not  to  be  the 
material  of  choice  for  MOS  applications. 
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We  report  a  study  of  the  effect  of  post  oxidation  processing  on  the  interface  quality  of  dry 
oxides  on  n-type  4H  SiC.  We  have  found  that  the  processing  required  to  make  a  polysilicon  gated 
SiC  capacitor  with  full  ohmic  back  contact  did  not  affect  the  interface  state  density  of  the  oxide, 
but  rather  improved  the  fixed  oxide  charge  and  slow  state  density,  with  both  effects  increasing 
the  further  through  the  process  the  oxides  were  taken. 


1.  INTRODUCTION 

Early  work  on  thermal  oxides  on  SiC 
showed  a  relatively  poor  quality  oxide  on  p- 
type  material  as  opposed  to  n-type  [1]. 
Following  intensive  study,  the  quality  of 
oxides  on  p-type  has  improved  rapidly. 
Silicon  Carbide  (SiC)  now  shows  considerable 
promise  for  high  power  electronic  device 
applications  utilizing  MOS  devices.  Most 
researchers  investigating  the  Si02/SiC 
interface  have  chosen  the  MOS  capacitor 
with  a  large  area  front  substrate  contact  as 
their  characterization  structure.  However,  the 
simple  and  fast  fabrication  process  for  this 
device  does  not  subject  the  oxide  to  the 
subsequent  processing  steps  required  for 
actual  power  device  production. 

Previously  we  have  reported  [2]  that 
wet  and  dry  oxides  on  4H  SiC,  which  had 
both  received  a  full  fabrication  process, 
showed  similar  interface  state  densities. 
However,  the  dry  oxide  exhibited  a  superior 
oxide  reliability  as  seen  by  Friedrichs  et  al 
[3].  Here  we  report  on  the  effect  of  our  post 
oxidation  processing,  on  the  quality  of  our 
thermally  grown  dry  oxides  on  n-type  4H- 
SiC.  We  report  the  first  direct  measurement 
of  slow  state  densities  on  SiC. 


2.  EXPERIMENT 

The  oxide  samples  described  here  have 
used  a  production  grade  4H-SiC  substrate 
purchased  from  Cree  Research  Inc.  The 
wafer  was  the  vendor's  standard  product  and 
was  35mm  in  diameter,  had  an  n-type 
doping  of  about  9x1018cm'3,  with  a  3//m 
thick  2x1017cm'3  n-type  epitaxial  layer.  The 
wafer  was  first  diced  into  quarters.  The 
dicing  was  followed  by  both  solvent  and 
chemical  cleaning.  The  quarters  were  then 
oxidized  to  a  thickness  of  21  nm  by  dry 
oxidation  at  1050°C  for  14hrs.  From  this 
identical  starting  point  four  Al  gate  capacitor 
samples  were  fabricated,  each  experiencing 
additional  processing  steps.  (1)  Oxide  only  - 
A!  gate  &  back  contact.  (2)  Poly  -  PolySi 
deposited/  stripped  then  Al  gate  &  back 
contact.  (3)  Poly/LTO  -  PolySi  &  LTO  (Low 
temperature  oxide)  deposited/  stripped  then 
Al  gate  &  back  contact.  (4)  Full  process  - 
PolySi  &  LTO  deposited,  sample  back 
stripped,  Ni/Au  ohmic  back  contact  e-beam 
evaporated  and  annealed  at  950°C  in  N2, 
LTO  &  PolySi  stripped  from  fronts  and  Al 
gates  formed. 

All  measurements  reported  here  were 
carried  out  on  wafer  with  a  screened  hot 
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chuck.  High  frequency  capacitance-voltage 
(HFCV)  measurements  using  a  HP4284A 
precision  LCR  meter  were  performed  at  room 
temperature.  The  AC  conductance  technique 
[4]  at  25 °C  &  200°C  was  used  to  accurately 
extract  the  interface  state  density  (D,x)  close 
to  the  conduction  band  edge.  Here  a  wide 
frequency  range,  high  accuracy,  bridge  was 
used  in  conjunction  with  a  HP4284A 
impedance  analyzer  [5]. 


3.  RESULTS 


Gate  voltage  (V) 

Figure  1.  High  frequency  CV  curves  @25°C 

Figure  1  shows  the  100kHz  CV  curves 
evaluated  at  25°C  for  each  sample  and  the 
net  fixed  charge  at  flat-band  is  shown  in 
table  1 .  A  reduction  in  net  fixed  oxide  charge 
at  flat-band  occurred  with  additional 
processing. 

Table  1 

Net  fixed  oxide  charge  (m'2) _ 

(1)  -  Oxide  only  -3.4x1 016 

(2)  -  Poly  only  -3.3x1 016 

(3)  -  Poly/LTO  -2.8x1 016 

(4)  -  Full  process  -2.4x1 016 _ 

Figure  2  shows  typical  equivalent 
parallel  conductance  data  measured  at 
200°C  over  a  particularly  wide  frequency 
range.  It  is  apparent  that  in  addition  to  the 
peak  due  to  the  fast  states,  there  is  a 


considerable  density  of  slow  states,  as 
evidenced  by  the  plateau  on  the  low 
frequency  side  of  the  fast-state  peak  [5].  To 
our  knowledge,  this  is  the  first  direct 
observation  of  slow  states  at  the  SiC/Si02 
interface. 


1  10  100  1000  10000  100000  106 


Frequency  (Hz) 

Figure  2.  Conductance  curves  for  sample  (4) 
@200°C 

The  conductances  measured  at 
200°C  have  been  fitted  with  a  4  parameter 
model.  The  fast  states  are  modelled  using 
the  normal  Brews  potential  fluctuation  model 
[4]  (parameters  are:  peak  frequency, 
amplitude  and  width),  and  the  slow  states  by 
the  McWhorter  tunnelling  model  [6]  i.e.  traps 
uniformly  distributed  in  energy  and  depth  into 
the  oxide  (plateau  height  and  maximum 
frequency  equal  to  the  fast  state  peak).  A 
good  fit  was  obtained  to  the  peaks,  but  the 
assumption  of  a  uniform  slow  trap  density 
was  fairly  crude.  Conductance  measurements 
at  25°C  were  fitted  with  fast  states  only  (3 
parameters)  since  the  peaks  were  so  broad 
that  no  slow  state  plateau  could  be  reliably 
distinguished.  Since  reliable  LF  CV  curves 
could  not  be  obtained,  the  surface  band 
bending  was  obtained  from  the  fast  state 
peak  frequency  by  assuming  a  capture  cross- 
section  of  10‘19m2. 

Figure  3  shows  the  fast  state  density, 
where  the  rapid  rise  towards  the  band  edge 
can  be  seen.  This  could  be  the  carbon  related 
level  on  4H-SiC  described  by  Bassler  [7].  (It 
should  be  noted  that  the  rapid  rise  may  partly 
be  an  artefact  associated  with  the 
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assumption  of  a  constant  capture  cross- 
section.)  No  strong  dependence  on 
processing  was  seen. 


Ecf(eV) 


Figure  3.  Fast  interface  state  density 

The  slow  state  density  is  shown  in 
figure  4  and  is  very  high  by  comparison  with 
values  inferred  for  silicon  where  typical 
values  are  below  1023m'3eV'\  It  is  clear  that 
the  assumption  of  a  uniform  density  within 
the  oxide  is  too  simple  an  assumption  to 
explain  this  data,  with  a  U-shape  density  in 
energy  observed.  Similarly,  the  curvature  in 
the  height  of  the  plateau  seen  in  figure  2 
suggests  a  strong  dependence  of  density  on 
depth  into  the  oxide  (or  in  activation  energy 


Ecf(eV) 


Figure  4.  Slow  state  density 


for  capture[5]).  However,  it  is  clear  that 
processing  has  produced  a  significant 
reduction  in  the  slow  state  density. 

Figure  5  shows  the  surface  potential 
fluctuations  inferred  from  the  peak  width, 
large  potential  fluctuations  are  typically  seen 
[8].  The  lines  show  the  result  of  fitting  Brews 
potential  fluctuation  model  with  a  screening 
parameter,  X=15nm  and  no  compensation. 
The  model  predicts  a  fall  in  potential 
fluctuations  towards  the  band  edge  as  a 
result  of  the  screening  by  the  rapidly 
increasing  interface  state  capacitance, 
however,  experimentally  this  is  not  seen  in 
the  data  measured  at  25 °C  which  probes 
closer  to  the  conduction  band  edge.  This 
could  be  due  to  distortion  of  the  curves  by  a 
high  density  of  slow  states  (ignored  in  the 
fitting  of  this  data  as  noted  earlier),  or  it 
could  be  due  to  an  intrinsic  distribution  of 
capture  cross-sections  (chemical 

inhomogeneity  or  multiple  defect  types)  [9]. 


Figure  5.  Potential  fluctuations 


4.  CONCLUSIONS 

We  have  presented  results  on  the  effect 
of  post  oxidation  processing  on  the  interface 
quality  of  dry  thermal  oxides  grown  on  n-type 
4H-SiC.  For  the  first  time,  the  slow  state 
density  was  measured  and  found  to  be 
reduced  by  processing.  By  contrast,  the  fast 
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state  density  was  broadly  unaffected  by 
processing.  The  slow  states  are  important 
technologically  since  they  will  give  rise  to 
threshold  voltage  instability  and  1/f  noise  in 
MOSFETs. 

Our  results  did  not  show  any  particular 
process  step  as  being  responsible  for  a 
dramatic  change  in  interface  properties, 
rather,  there  was  a  gradual  change  in 
properties  with  the  deposition  of  polysilicon 
and  LTO  and  the  annealing  of  ohmic 
contacts.  These  results  indicate  the 
desirability  of  carrying  out  SiC/Si02  research 
in  a  whole  process  context. 
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1.  Introduction 

Silicon  carbide  (SiC)  offers  the  capability  to 
form  silicon  dioxide  (Si02)  by  thermal  oxi¬ 
dation  analogously  to  silicon.  For  thermal 
oxides  on  silicon  carbide  (SiC)  breakdown 
field  strengths  above  10  MV/cm  and  inter¬ 
face  state  densities  around  1012  cm'2  have 
already  been  achieved  [1,  2,  3,  4,  5],  How¬ 
ever,  concerning  the  long  term  reliability  of 
the  oxide,  a  crucial  parameter  for  the  com¬ 
mercial  use  of  MOS  devices,  experimental 
data  are  still  scarce.  In  this  paper  the  long 
term  stability  of  polysilicon  gated  MOS 
capacitors  on  6H-SiC  is  characterized  by 
voltage  ramping,  constant  current  stress  and 
the  corresponding  charge-to-breakdown 
values  {Qbd). 


2.  Experimental 

The  substrate  used  in  this  work  was  n-type 
3.5  °  off-axis  6H-SiC  supplied  by  Cree  Re¬ 
search.  Before  each  high  temperature  proc¬ 
ess,  the  wafers  were  cleaned  in  a  mixture  of 
H2SO4  and  H2O2  at  140  °C  for  15  minutes 
followed  by  a  2%  HF  dip  for  30  seconds. 
Two  n-type  epitaxial  layers  were  grown 
homoepitaxially  with  significantly  different 
process  parameters  on  the  Si  face  of  the 
wafers  with  a  net  donor  concentration  in  the 
lower  1016cm'3  range  by  a  low  pressure 
chemical  vapor  deposition  process  de¬ 
scribed  elsewhere  [6].  The  gate  oxide  of  the 
capacitors  was  formed  at  1100°C  by  dry 
thermal  oxidation  of  the  two  epitaxial  lay¬ 
ers.  In  addition  one  substrate  without  epi¬ 
taxial  layer  was  oxidized  in  the  same  way. 
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The  resulting  oxide  thicknesses  were  about 
26  nm.  For  comparison  capacitors  on  sili¬ 
con  were  co-processed  with  an  oxidation 
temperature  of  1000  °C  resulting  in  an  ox¬ 
ide  thickness  of  31  nm.  After  the  oxidation, 
a  350  nm  thick  polysilicon  film  was  depos¬ 
ited  in  a  low  pressure  chemical  vapor  depo¬ 
sition  reactor  and  doped  by  a  POCI3  process 
at  950  °C  for  30  minutes.  Finally,  circular 
gate  dots  with  gate  areas  ranging  from 
1.7x1  O'4  cm2  to  9.5x1  O'4  cm2  were  defined 
by  photolithography  and  wet  etching.  The 
oxide  quality  of  the  MOS  capacitors  was 
characterized  electrically  by  voltage  ramp¬ 
ing  and  constant  current  injection,  both  per¬ 
formed  with  positive  gate  voltage.  For  each 
test  about  40  MOS  capacitors  were  used.  To 
check  the  reproducibility  of  the  measure¬ 
ments  all  the  capacitors  on  the  SiC  wafers 
were  etched  off  after  the  first  examinations 
and  MOS  capacitors  were  manufactured 
again  on  the  same  wafers  with  the  same 
process  parameters.  The  measurements  for 
these  capacitors  revealed  that  all  the  pre¬ 
sented  results  are  dominated  by  the  charac¬ 
teristics  of  the  semiconductor  material  and 
not  by  contamination  during  processing. 

3.  Results  and  Discussion 

The  voltage  ramping  tests  showed  that  the 
oxide  current  for  all  capacitors  is  dominated 
by  Fowler-Nordheim  tunneling.  The  mean 
breakdown  field  strengths  of  the  capacitors 
on  the  different  SiC  wafers  varied  from 
10.3  to  12.2  MV/cm.  The  corresponding 
current  densities  just  before  breakdown 
ranged  from  35  to  400  mA/cm2  for  the  ca¬ 
pacitors  on  SiC.  For  the  capacitors  on  sili¬ 
con  this  current  density  was  about 
2.7  A/cm2. 


10’2  10’1  10°  101  102  103 


Qbd  (C/cm2) 

Fig.  1  Weibull  plot  of  the  charge-to-breakdown 
Qbd  for  MOS  capacitors  on  6H-SiC  and  silicon.  The 
injection  current  density  was  5  mA/cm2  with  an  area 
of  1.7x1  O'4  cm2  for  the  capacitors  on  SiC  and 
10  mA/cm2  with  an  area  of  3x1  O'4  cm2  for  the  ca¬ 
pacitors  on  silicon.  pcum  is  the  cumulative  failure 
density. 

Fig.  1  shows  the  Weibull  plots  of  the 
charge-to-breakdown  measured  with  con¬ 
stant  current  stress.  The  comparison  of 
Epi  1  and  the  SiC  without  epitaxial  layer 
shows  that  the  epitaxial  process  can  influ¬ 
ence  the  quality  of  the  later  grown  thermal 
oxide.  This  effect  is  most  probably  a  conse¬ 
quence  of  the  generation  of  additional 
crystal  defects.  The  degrading  effect  of 
crystal  defects  on  the  oxide  quality  is  a 
commonly  accepted  fact  in  the  silicon  tech¬ 
nology  [7]. 

The  comparison  of  Epi  2  and  the  SiC  with¬ 
out  epitaxial  layer  shows  that  the  epitaxial 
growth  can  be  optimized  to  achieve  as  good 
results  as  without  epitaxial  layers.  These 
results  compare  favorably  with  the  data  of 
the  MOS  capacitors  on  silicon. 

The  charge-to-breakdown  for  different  gate 
areas  is  printed  in  Fig.  2.  The  Qbd  values  of 
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Fig.  2  Weibull  plot  of  the  charge-to-breakdown 
QbJ  for  the  MOS  capacitors  on  Epi  2  with  the  gate 
area  as  a  parameter.  The  injection  current  density 
was  10  mA/cm2.  The  shift  in  the  Weibull  plots  is 
caused  by  a  defect  density  of  1 .7x  1 03  cm"2. 
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Fig.  3  Qbd63  (63  %  quantile  of  the  cumulative 
failure  densitiy  of  the  Qbd  values)  as  a  function  of  the 
injection  current  density  for  MOS  capacitors  on 
6H-SiC  and  silicon. 


these  Weibull  plots  can  be  divided  into  two 
groups  with  a  transition  region  in  between: 
the  first  group  contain  values  lower  than 
2.5  C/cm2  and  the  second  group  contains 
values  higher  than  10  C/cm2.  Each  group  is 
characterized  by  a  rather  steep  increase  of 
pcum  in  the  Weibull  plot.  For  increasing  gate 
area  the  number  of  values  below  2.5  C/cm 
augments.  From  this  behavior  it  can  be  con¬ 
cluded  that: 

1.  There  is  a  high  density  of  defects  which 
can  be  calculated  according  to  Wolters  et  al. 
[8]  by  the  relation 

-  ln(l  -  pcumt )  =  DA 

where  pcum,  t  is  the  value  of  pCUm  in  the  tran¬ 
sition  region  between  the  two  groups,  A  is 
the  gate  area,  and  D  is  the  defect  density. 
The  values  of  pCUm,  t  noted  on  the  right  axis 
in  Fig.  2  and  the  corresponding  values  of  A 
result  in  a  defect  density  of 
D=  1.7xl03  cm'2. 

2.  There  are  defects  which  are  correlated 
with  one  distinct  value  of  Qbd ,  leading  to 


steep  segments  in  the  Weibull  plot.  This 
means  also  that  steep  Weibull  plots  are  not 
always  a  result  of  intrinsic  oxide  behavior. 

3.  The  Qbd  values  lower  than  2.5  C/cm2  are 
most  probably  related  to  crystal  defects 
since  the  Qbd  values  of  the  MOS  capacitors 
on  Epi  2  in  Fig.  1  are  nearly  in  the  same 
range. 

Fig.  3  shows  the  Qbd63  values  (63  %  quan¬ 
tile  of  the  Qbd  values)  as  a  function  of  the 
injection  current  density.  For  low  injection 
current  densities  the  MOS  capacitors  on  the 
optimized  epitaxial  layer  Epi  2  exhibit 
nearly  identical  long  term  reliability  as  the 
MOS  capacitors  on  silicon.  In  contrast  to 
this  the  higher  density  of  crystal  defects  in 
Epi  1  obviously  degrades  the  long  term  sta¬ 
bility  of  the  oxide  also  for  lower  injection 
current  densities. 

The  Qbd63  values  of  the  MOS  capacitors  on 
SiC  decrease  significantly  if  Jinj  approaches 
a  critical  value,  which  is  close  to  the  current 
density  where  breakdown  occurs  in  the  E- 
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ramp  test.  Obviously  the  breakdown 
mechanisms  change  drastically  for  higher 
field  strengths.  Consequently  it  would  not 
be  serious  to  extrapolate  the  experimental 
data  to  lower  injection  current  densities  and 
field  strengths  in  order  to  get  information 
about  the  lifetime  of  thermal  oxides  on  SiC 
under  device  operating  conditions.  It  has  to 
be  noted  that  in  our  case  such  an  extrapola¬ 
tion  should  be  possible  for  injection  current 
densities  lower  than  1  mA/cm2,  since  in  this 
regime  the  charge-to-breakdown  is  a 
weaker  function  of  the  injection  current 
density  and  the  gradient  is  comparable  to 
the  one  observed  for  MOS  capacitors  on 
silicon.  This  means  that  tests  providing  ex¬ 
act  values  for  the  lifetime  of  the  oxide  un¬ 
der  device  operating  conditions  have  to  be 
performed  at  even  lower  values  of  the  in¬ 
jection  current  densities  than  used  in  this 
work.  However,  these  current  densities  will 
result  in  extremely  long  measurement 
times. 

4.  Conclusions 

The  presented  data  demonstrate  that  for 
small  gate  areas  and  electrical  field 
strengths  acting  during  practical  use  of 
MOS  devices  the  long  term  reliability  of 
thermal  oxides  on  SiC  and  on  silicon  com¬ 
pare  favorably.  Indeed  the  reliability  of  the 
oxide  is  limited  by  the  relatively  high  den¬ 
sity  of  defects.  These  oxide  defects  are  most 
probably  related  with  crystal  defects  origi¬ 
nating  from  the  SiC  substrate. 

These  data  demonstrate  the  potential  of  SiC 
for  the  use  as  a  semiconductor  for  commer¬ 
cial  MOS  devices.  For  practical  use,  how¬ 
ever,  the  crystal  quality  has  to  be  improved 
to  achieve  a  good  reliability  for  MOS  de¬ 
vices  with  larger  gate  areas. 
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6H-SiC  MOS  capacitors  were  operated  at  temperatures  above  600K  under  negative  bias.  Enhancement  of 
energetically  shallow  and  deep  interface  states  at  n/p-type  SiC/Si02  structures  and  of  a  fixed  charge  are  observed, 
which  can  partially  be  passivated  by  a  hydrogen  treatment.  The  generation  and  passivation  of  the  fixed  charge  is 
explained  in  the  framework  of  the  "negative-bias-temperature  instability"  originally  proposed  for  Si-based  MOS 
capacitors. 


1.  INTRODUCTION 

It  has  been  demonstrated  that  silicon  carbide 
(SiC)-based  MOS  FETs  result  in  promising 
properties  (see  e.g.  [1,2]),  although  a  comparable 
quality  as  for  Si/Si02  interfaces  is  not  yet  reached. 
Bano  et  al.  [3]  and  Afanas’ev  et  al.  [4]  have  shown 
that  the  electronic  properties  of  the  SiC/Si02 
interface  and  the  oxide  layer  can  be  degraded  by 
Fowler-Nordheim  injection  and  by  UV  illumination, 
respectively.  The  crucial  open  question  is  whether 
SiC-based  MOS  transistors  will  withstand  elevated 
temperatures.  We  have,  therefore,  investigated 
6H-SiC  MOS  capacitors,  which  are  operated  at 
temperatures  above  600K.  It  turns  out  that  charged 
defect  centers  are  additionally  formed  by  these  heat 
treatments.  The  charge  can  partially  be  removed  by  a 
hydrogen  passivation  at  450°C  for  20min.  In 
analogy  to  silicon  [5],  we  have  proposed  a  „negative- 
bias-temperature  instability  (NBTI)  model41  for  SiC, 
which  explains  the  experimental  results  obtained  for 
n/p-type  MOS  capacitors. 

2.  EXPERIMENTAL 

MOS  structures  were  prepared  on  n/p-type 
6H-SiC  epilayers  (Si-face)  with  a  net  concentration 
of  NN-NComp=2xlOl6cm-3  and  NArNComp=lxl016cm-3, 
respectively.  The  samples  were  subjected  to  a  pre¬ 
oxidation  surface  cleaning  described  elsewhere  [6]. 
Wet  oxidations  were  conducted  at  1120  °C  between 
12h  and  24h,  leading  to  an  oxide  thickness  in  the 


range  from  54nm  to  llOnm.  The  samples  were 
subsequently  exposed  to  a  post-oxidation  anneal  in 
Ar  at  1120  °C  for  1  h.  Gold  contacts  (0  =  0.85  mm) 
were  prepared  by  thermal  evaporation.  For  the 
degradation,  the  samples  were  heated  up  to 
temperatures  Ta  ranging  from  550K  to  670K  in  a  He 
ambient  and  were  simultaneously  biased  at  -20V  for 
10min/20min.  Subsequent  to  each  individual  heat 
treatment,  the  samples  were  cooled  down  to  room 
temperature  and  capacitance-voltage  (C-V)  and 
conductance- voltage  (G-V)  measurements  were 
performed.  Subsequent  to  this  analysis,  the  samples 
were  hydrogen-passivated  in  a  rapid  isothermal 
annealing  system  operated  by  tungsten  halogen 
lamps  in  a  H2(5%)/N2(95%)  ambient.  The  interface 
state  density  Dit  and  the  generated  fixed  charge  AQf 
are  evaluated  from  the  G-V/C-V  characteristics. 

3.  RESULTS 

C-V  and  G-V  characteristics  of  an  n-type  6H  SiC 
MOS  capacitor  are  shown  in  Fig.  1.  The 
characteristics  are  taken  subsequent  to  degradation 
steps  conducted  sequentially  at  different 
temperatures  Ta  (600K  (curve  a)  to  65 OK  (curve  f)) 
under  bias  of  Vj=-20V  (oxide  field:  E=1.6MV/cm); 
they  are  measured  at  room  temperature  (300K),  each 
curve  is  started  at  negative  bias  (accumulation 
condition).  Two  features  are  observed:  Firstly,  the 
C-V  characteristics  shift  to  positive  voltages,  which 
reflects  an  increase  of  negative  charges  either 
trapped  in  the  Si02  layer  or  at  the  SiC/Si02  interface. 
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Figure  1.  C-V  and  G-V  characteristics  of  an  n-type 
6H  SiC  MOS  capacitor  taken  each  at  room 
temperature  subsequent  to  the  degradation  process. 
The  degradation  process  was  caused  under  depletion 
bias  of  Vi=-20V  for  lOmin  at  temperatures  Ta 
ranging  from  600K  to  660K. 

Secondly  with  increasing  heat  treatment,  the 
conductance  peaks  (see  G-V  characteristics)  smear 
out  due  to  increasing  surface  potential  fluctuations 
suggesting  that  degradation  occurs  in  a  laterally  non- 
uniform  manner  possibly  with  participation  of 
interface  imperfections.  In  addition,  the  amplitude  of 
the  conductance  peaks  decreases.  In  analogy, 
degradation  of  p-type  6H-SiC  MOS  capacitors 


Figure  2.  Interface  state  density  Dit  as  a  function  of 
energy  Eit  for  n-type  SiC:  Dit  is  determined  for  the 
reference  sample  (full  circles)  and  subsequent  to 
sequentially  repeated  degradation  steps  (open 
squares). 
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results  in  an  additional  positive  charge  (not  shown). 

The  interface  state  density  Dit  generated  in  an  n- 
type  MOS  capacitor  as  a  function  of  energy  is  shown 
in  Fig.  2  (open  squares);  it  is  compared  with  the  non- 
degraded  reference  sample  (full  circles).  In  the 
investigated  energy  range  close  below  the 
conduction  band  edge,  the  interface  state  density  Dit 
increases  with  increasing  temperature. 
Corresponding  results  are  obtained  for  the  p-type 
MOS  capacitor,  there  a  strong  increase  of  Dit  is 
observed  close  above  the  valence  band  edge  (not 
shown). 

Fig.  3  reveals  the  additional  negative/positive 
fixed  charge  as  a  function  of  Ta  generated  in  an  n/p- 
type  MOS  capacitor  by  the  degradation  process.  A 
detectable  increase  of  the  fixed  charge  starts  at  a 
temperature  of  600K. 

We  like  to  point  out  that  degradation  does  not 
occur  in  neighboring  MOS  capacitors,  which  are 
exposed  to  identical  temperatures  Ta,  however, 
which  are  not  stressed  by  a  depletion  bias. 

In  order  to  trace  the  effect  of  hydrogen  on  the 
additionally  generated  fixed  charge,  degraded  n/p- 
type  MOS  capacitors  were  exposed  to  a  hydrogen 
passivation  process  conducted  at  450°C  for  20min. 
In  Figs.  4  a)/b)  C-V  characteristics  of  an  n/p-type 
MOS  capacitor  are  displayed  for  three  experimental 
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Figure  3.  Comparison  of  the  additionally  generated 
fixed  charge  AQf  for  an  n/p-type  SiC  MOS  capacitor 
as  a  function  of  Ta  for  sequentially  repeated 
degradation  steps;  AQf  is  obtained  from  the  flatband 
voltage. 
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Figure  4.  C-V  characteristics  for  (a)  an  n-type  and 
(b)  a  p-type  6H-SiC  MOS  capacitor.  Three 
experimental  situations  are  monitored:  as-grown 
(solid  curve),  degraded  (dashed)  and  hydrogen 
passivated  (dotted).  As  indicated  in  the  figure 
approximately  half  of  the  fixed  charge  is  passivated 
independent  of  the  sign  of  the  charge. 

situations:  as-grown  (solid  curve),  degraded  (dashed 
curve)  and  hydrogen  passivated  (dotted  curve).  The 
passivation  step  leads  to  a  reduction  of 
approximately  half  the  generated  fixed  charge 
independent  of  its  sign.  The  passivation  of  the 
charge  occurs  rapidly,  almost  the  entire  passivation 
process  is  completed  after  2min.  The  experimental 
results  of  the  passivation  process  are  summarized  in 
Tab.  I.  From  conductance  spectra  taken  on 
passivated  n/p-type  MOS  structures  (not  shown), 
information  is  obtained  that  energetically  shallow 
interface  states  are  only  little  affected  by  the 
hydrogen  passivation.  The  origin  of  these  shallow 


Table  I.  Reduction  of  the  additionally  generated 
fixed  charge  AQf  in  a  degraded  n/p-type  MOS 
capacitor  by  subsequent  hydrogen  passivation;  AQf 
is  evaluated  from  the  flatband  voltage. 


AQf(bias) 
(e/cm2) 
after  lOmin, 
-20V,  650K 

AQf(H2) 

(e/cm2) 

after  20min,  H2, 
450°C 

AQf(H2) 

AQf(bias) 

n- 

type 

-2-OxlO'2 

+l.lxl012 

0.55 

P- 

type 

+1.2xl012 

-0.6xl012 

0.50 

states  is  supposed  to  consist  of  an  unknown  carbon 
species. 

4.  NEGATIVE-BIAS-TEMPERATURE 

INSTABILITY  FOR  SiC 

The  observed  degradation  of  the  electronic 
properties  of  SiC/Si02  capacitors  and  the  passivation 
of  fixed  charges  are  consistent  with  a  model 
proposed  for  silicon.  Blat  et  el.  have  demonstrated  a 
"negative-bias-temperature  instability  (NBTI)"  for 
n/p-type  Si-based  MOS  capacitors  [5].  These  authors 
have  stressed  MOS  capacitors  by  heat  treatments  at 
600K  under  negative  bias  and  have  generated  equal 
amounts  of  dangling  bonds  at  the  interface  and  of  a 
fixed  positive  charge  in  the  oxide  layer  introduced 
by  a  water-related  species.  By  a  subsequent 
hydrogenation  step,  the  dangling  bonds  could 
completely  be  passivated  while  the  fixed  charge 
remained  unaffected. 

A  quite  similar  experimental  situation  is  observed 
for  SiC-based  MOS  capacitors.  The  following 
findings  are  available:  (1)  degradation  occurs  by  heat 
treatments  above  600K  under  negative  bias  (see  e.g. 
Fig.l),  (2)  a  fixed  negative  charge  is  generated  in  n- 
type  MOS  capacitors,  (3)  a  fixed  positive  charge  is 
generated  in  p-type  MOS  capacitors,  (4)  hydrogen 
passivation  removes  half  of  the  fixed  charge 
independent  of  the  sign  of  the  charge  (see  Fig.  4). 

In  order  to  explain  our  results  in  the  framework 
of  the  NBTI  model,  two  additional  assumptions  are 
required  for  SiC-based  MOS  capacitors: 

1)  Dangling  bonds  at  the  interface  of  SiC/Si02 
are  energetically  deep  and  can  not  follow  the  voltage 
sweep;  as  a  consequence  these  states  contribute  to 
the  fixed  charge.  These  states  can  be  passivated  by 
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Figure  5.  C-V  characteristics  of  an  n-type  SiC  MOS 
capacitor.  The  solid  curve  corresponds  to  the  as- 
grown  reference,  the  virgin  curve  (dashed)  is  taken 
on  the  degraded  MOS  capacitor  starting  at  deep 
depletion  and  the  dotted  curve  displays  its  stationary 
characteristic. 

hydrogen,  which  leads  to  the  reduction  of  half  of  the 
observed  fixed  charge  as  demonstrated  in 
Figs.4a),b).  The  absolute  energy  position  of  dangling 
bonds  at  SiC/Si02  interfaces  is  not  determined  yet, 
however,  our  experiments  indicate  that  these  states 
are  located  deep  in  the  band  gap  of  SiC  (Egap=3eV). 
The  sign  of  the  fixed  charge  is  negative  in  n-type  SiC 
MOS  capacitors  and  is  positive  in  p-type  SiC  MOS 
capacitors  while  it  is  always  positive  in  n/p-type  Si- 
based  MOS  capacitors.  It  is  well  established  [5]  that 
trivalent  Si  acts  as  a  dangling  bond  (=Si*)  at  the 
Si/Si02  interface  and  is  amphoteric;  depending  on 
the  type  of  majority  carriers,  it  can  be  occupied  by 
an  electron  or  a  hole. 

2)  In  the  case  of  SiC,  we  assume  that  the 
unknown  water-related  species  located  in  the  oxide, 
which  is  responsible  for  one  half  of  the  fixed  charge, 
is  also  amphoteric. 

We  demonstrate  this  behavior  in  Fig.  5.  The  solid 
C-V  curve  is  taken  on  the  as-grown  n-type  SiC  MOS 
capacitor.  The  dashed  curve  reveals  the  virgin  curve 
of  the  degraded  MOS  capacitor,  which  was 
negatively  charged  during  ramping  down  the 
temperature.  In  this  special  case,  the  measurement 
was  started  in  deep  depletion  were  no  free  electrons 
were  available.  As  can  be  seen  the  increase  of  the  C- 
V  curve  starts  at  negative  bias  (approximately  -20V) 
indicating  a  large  positive  fixed  charge.  As  soon  as 
free  electrons  are  available  the  deep  dangling  bonds 


as  well  as  the  fixed  oxide  states  trap  electrons  and 
turn  to  a  negative  charge  state,  which  is  stable  under 
the  conditions  applied.  The  dotted  characteristic 
corresponds  to  the  stationary  curve  of  degraded 
MOS  capacitors.  The  NBTI  model  for  SiC  can  be 
described  in  two  steps: 

=Si-H  +  X  +  2  holes  =Si+  +  Y+  _  (1) 

and  =Si+  +  Y+  +  4  electrons  <->  =Si  +  Y  (2) 
X,  Y  =  unknown,  water-related  species  in  the 
oxide  layer. 

5.  SUMMARY 

We  have  demonstrated  that  heat  treatments  of 
SiC/Si02  MOS  capacitors  above  600K  under 
negative  bias  generate  energetically  shallow  and 
deep  interface  states  and  a  fixed  charge  in  the  oxide 
layer.  The  degradation  and  passivation  behavior  of 
the  fixed  charge  is  consistent  with  the  NBTI  model 
originally  proposed  for  Si/Si02  MOS  capacitors. 
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In  this  work  we  intend  to  determine  whether  the  Si02/6H-SiC(0001)  interface  is  really  carbon  enriched.  Among 
numerous  publications  dealing  with  6H-SiC  oxidation,  our  specificity  resides  in  a  simultaneous  use  of  ultra-high 
vacuum  surface  cleaning  and  characterization  methods  (X-ray  spectroscopy)  and  standard  technological 
conditions  for  the  oxidation  i.e.  dry  oxidation  at  1  atm  of  02  and  a  temperature  of  1000°C.  The  oxidation  of  3x3 
Si-rich  and  6V3x6V3R30°  C-rich  reconstructed  surfaces  is  compared,  taking  care  to  transfer  the  samples  without 
uncontrolled  air  exposures.  No  C-C  or  C-0  bonds  are  observed  at  the  Si02/SiC  interface  by  C  Is  core  line 
analyses  whatever  the  initial  surface  is.  We  conclude  that  there  is  no  contraindication  to  obtain  nearly  ideal 
Si02/SiC  interfaces  on  flat  SiC  terraces. 


1.  Introduction 

Silicon  carbide  provides  a  lot  of  interesting 
properties  such  as  a  wide  band  gap,  a  large  electron 
mobility  as  well  as  high  physical  and  chemical 
stability.  The  material  is  therefore  promised  to  be 
widely  used  in  high  temperature  and  high  power 
applications  [1].  High  quality  silicon  carbide  single 
crystal  have  been  grown  for  several  years, 
nevertheless  research  in  SiC  based  devices  have  been 
slowed  down  by  difficulties  in  obtaining  good  MOS 
(metal-oxide  semiconductors)  structures.  Silicon 
carbide  MOS  capacitors  have  experimentally 
demonstrated  that  both  n-  and  p-type  structures 
exhibit  a  strong  near-interfacial  oxide  charge.  This 
high  charge  rate  added  to  a  high  interface  state 
density  and  interface  disorder  result  in  the  existence 
of  numerous  localized  states  and  in  a  thermally 
activated  transport,  even  at  room  temperature  [2]. 

A  lot  of  authors  [3-5]  suspected  a  carbon 
enrichment  at  the  Si02/SiC  interface  to  be  at  the 
origin  of  the  high  interface  state  density.  In  all  these 
papers,  either  the  oxidation  conditions  (low 
oxidizing  pressure)  are  far  from  those  used  in  the 
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technology  or,  when  real  technological  conditions 
are  employed,  the  surface  preparation  procedures 
and  the  initial  surface  characterizations  before 
oxidation  are  not  clearly  defined. 

In  this  study  we  present  XPS  characterizations  of 
the  Si02/SiC  interfaces  realized  in  technological 
conditions  i.e.  using  dry  02  oxidation  at  a  pressure  of 
1  atm  and  1000°C.  Particular  attention  is  paid  to 
control  and  characterize  the  surfaces  before 
oxidation.  We  compare  the  results  of  the  oxidation 
of  two  types  of  initial  surfaces  prepared  in  ultra-high 
vacuum  conditions:  a  3x3  reconstructed  Si-rich 
surface  and  a  6V3x6V3R30°  graphitized  C-rich 
surface.  The  surface  characterization  and  subsequent 
oxide  growth  is  performed  in  situ  without  any 
uncontrolled  air  exposure.  The  growth  kinetics 
observed  as  a  function  of  02  exposure  time  are 
discussed  in  terms  of  enhanced  carbon  exodiffusion. 

2.  Experimental  procedures 

6H-SiC(0001)  single-crystals  purchased  from 
Cree  Inc.  and  capped  with  a  n-doped  epilayer,  are 
cleaned  with  acetone  and  alcohol  in  an  ultrasonic 
bath.  Then  they  are  loaded  in  an  ultra-high  vacuum 
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preparation  chamber  (10'1°  mbar).  To  remove  the 
surface  native  oxide  and  hydrocarbide  impurities,  we 
use  a  cleaning  technique  by  which  the  samples  are 
annealed  at  800°C  during  a  few  minutes  under  a 
silicon  flux.  Samples  are  resistively  heated.  This 
cleaning  procedure  removes  the  impurities  and,  by 
LEED,  we  observe  a  3x3  surface  reconstruction.  The 
other  6^3x6^31130°  reconstructed  surface  is 
obtained  by  holding  the  samples  at  1250°C  during 
several  minutes  without  silicon  flux. 

All  XPS  spectra  are  acquired  using  an  MgKa 
radiation.  Each  reconstructed  surface  is  analyzed 
before  the  oxidation.  Afterwards,  they  are  moved 
under  ultra-high  vacuum  in  another  preparation 
chamber  and  isolated.  The  samples  are  kept  at  room 
temperature  during  the  introduction  of  oxygen  (O2) 
though  a  leak  valve.  When  the  gas  pressure  is  about 
10'2mbar  the  sample  is  quickly  heated  to  700°C. 
During  the  time  necessary  to  stabilize  the  02 
pressure  at  1  atm  (30  seconds),  the  temperature  is 
increased  to  1000°C.  At  the  end  of  the  oxidation,  the 
temperature  is  very  rapidly  reduced  and  the  gas  is 
pumped  down.  Finally  a  base  pressure  of  10-9  mbar 
is  restored  after  6  minutes.  The  sample  is  then 
moved  to  the  analysis  chamber  without  disrupting 
the  ultra-high  vacuum  environment. 

3.  Results 

3.1.  Initial  surfaces 

Fig.  1  shows  the  C  Is  and  Si  2p  spectra  recorded 
on  the  two  different  reconstructed  surfaces  at  the 
polar  angle  0  =  50°  (mainly  sensitive  to  the  surface 
states).  The  peaks  are  fitted  by  a  standard  Voigt 
function. 

For  the  3x3  reconstructed  surface,  the  Si  2p  peak 
presents  two  components  (Fig.l.c).  The  dominant 
one  is  attributed  to  the  SiC  substrate.  The  other  one 
located  at  1.2  eV  towards  the  higher  kinetic  energy, 
is  attributed  to  Si-Si  overlayer  bonds  and  reveals  a 
Si-enrichment  of  the  surface.  The  C  Is  peak  only 
presents  one  single  component  (Fig.l.a).  This  Si-rich 
3x3  reconstructed  surface  has  been  extensively 
studied  in  the  past.  STM  and  holographic  LEED 
studies  have  shown  that  this  reconstruction 
corresponds  to  a  surface  completely  covered  by  Si 
clusters  extending  over  three  monolayers  of  silicon 
atoms[6].  After  annealing  at  1250°C  during  several 
minutes  without  Si  flux,  a  6V3x6V3R30°  LEED 
pattern  is  obtained.  The  Si  2p  peak  (Fig.l.d), 


presents  only  one  component  and  the  Si  surface 
enrichment  is  suppressed.  The  C  Is  peak  (Fig.l.b) 
now  shows  three  components:  one  named  Bi 
corresponds  to  the  SiC  substrate,  and  two  others 
named  Si  and  S2  correspond  to  C-C  bonds.  Two 
similar  surface  components  were  observed  by 
Johansson  et  al[7]  in  C  Is  core-level  peak  using 
synchrotron  radiation.  They  assign  these  components 
to  two  types  of  C-C  bonds  in  a  C-rich  environment 
defining  a  fingerprint  of  a  graphitic  surface  layer. 


Fig.  1.  C  Is  and  Si  2p  core-level  peaks  recorded  on  the 
initially  Si-rich  (a  and  c)  and  C-rich  (b  and  d)  surfaces 
at  the  polar  angles  0  =  50°. 

3.  2.  Thermal  oxide  growth 

Fig.  2  shows  the  evolution  of  the  C  Is  XPS  peaks 
recorded  at  normal  emission  as  a  function  of  oxygen 
exposure  time  at  a  temperature  of  1000°C. 

The  initial  surface  is  the  preceding  graphitized 
one  and  the  C  Is  peak  presents  the  three  components 
previously  discussed.  In  spite  of  this  initial  highly  C- 
enriched  surface,  the  C  Is  core-level  peak  is  reduced 
during  the  first  minute  of  the  oxidation  to  a  unique 
component  with  a  half-maximum  (FWHM)  of  1.1 
eV.  Meanwhile  the  intensity  of  the  C  Is  peak 
decreases.  The  signal  intensity  is  divided  by  four  for 
a  longer  exposure  time  (14.5  minutes).  At  the  same 
oxidation  stage,  at  grazing  incidence  and  using  a 
pass  energy  of  20  eV,  the  C  Is  photoemission 
intensity  becomes  lower  than  the  detection  limit. 
This  indicates  an  homogeneous  formation  of  the 
oxide  on  the  overall  surface  and  a  lack  of  carbon 
atom  in  the  oxide  layer. 

Before  oxidation,  the  Si  2p  peak  exhibits  only 
one  component.  In  the  first  minute  of  oxidation,  in 
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addition  to  the  main  substrate  component,  a  second 
component  associated  with  the  Si-0  bonds  in  the 
oxide  layer  starts  increasing.  For  larger  oxidation 
times  the  latter  becomes  dominant  and  a  final  oxide 
thickness  of  5  nm  is  estimated.  For  this  largest  oxide 
thickness  the  Si  2p  component  in  SiC  has  an  FWHM 
of  1.2  eV,  comparable  to  that  of  the  clean  surface. 
The  FWHM  of  the  oxide  component  does  not  exceed 
1.8  eV.  This  probably  rules  out  possible  interfacial 
suboxides  like  those  observed  on  native  oxide  by 
Onneby  et  al[8].  The  Si  2p  binding  energy  shifts 
between  the  Si-0  and  Si-C  (or  Si-Si)  components  are 
2.5  eV  (3.7),  respectively.  The  latter  value  is  close  to 
that  obtained  in  the  case  of  the  oxidation  of  silicon 
substrates  [9]. 


C  Is  Si  2p 


Kinetic  energy  (eV)  Kinetic  energy  (eV) 


Fig.  2.  Evolution  of  the  C  Is  and  Si  2p  core  level 
peaks  as  function  of  the  oxygen  exposure  time  of  the 
initially  graphitized  surface. 

All  these  XPS  features  are  unchanged  for  the 
oxidation  of  the  3x3  reconstructed  surface  and  are 
therefore  not  repeated. 

3.  3.  Growth  kinetics 

Fig.  3  shows  the  evolution  of  the  oxide  growth 
kinetics  on  three  different  samples,  corresponding  to 
a  graphitized  and  two  Si-rich  initial  surfaces.  The 
kinetics  are  reflected  by  the  plot  of  the  intensity  ratio 
( I-ratio  )  between  the  respective  Si  2p  components 
in  Si02  (I  (Si  2p/Si02))  and  in  SiC  (I(Si  2p/SiC)). 
The  I-ratio  remains  nearly  constant  during  the  first  7 
oxidation  minutes  where  the  calculated  oxide 
thickness  is  around  0.7  nm.  The  kinetics  are  identical 


whatever  the  initial  surface  is,  the  graphitic  bonds  of 
the  C-rich  surface  being  removed  during  the  first 
oxidation  minute.  The  exodiffusion  of  the  carbon 
atoms  is  thus  very  fast.  After  this  first  stage  of  the 
oxidation,  nearly  linear  kinetics  are  taking  place.  The 
change  of  the  oxide  growth  rate  is  probably  due  to  a 
change  of  the  mechanism  of  the  oxidation.  A  similar 
kinetic  shape  was  previously  observed  by  Muehlhoff 
et  al[10],  and  the  retarded  oxidation  was  attributed  to 
the  presence  of  C-C  bonds  on  the  initial  surface.  Our 
control  of  the  surface  before  and  after  oxidation 
shows  that  the  carbon  enrichment  of  the  initial 
surface  is  by  no  means  the  reason.  It  is  probably 
connected  to  the  mechanism  of  the  initial  oxidation 
stage.  Growth  morphology  effects  such  as  an 
inhomogeneous  nucleation  of  oxide  patches  up  to 
their  coalescence  within  the  first  7  oxidation  minutes 
might  also  explain  this  behavior.  The  linear  growth 
regime  would  only  start  after  a  complete  covering  of 
the  overall  surface  by  a  dense  oxide  layer.  The  latter 
growth  rate  may  be  attributed  to  a  Mott-Cabrera 
mechanism  [11]  that  will  be  discussed  below. 


Fig.  3.  Evolution  of  the  Si  2p  ratio  (I(Si  2p/Si02)/(I 
(Si  2p/SiC))  in  oxide  and  carbide  respectively,  as  a 
function  of  02  exposure  time. 

4.  Discussion 

The  observation  of  a  single,  narrow  (1.1  eV)  and 
non  convoluted  C  Is  component  at  the  Si02/SiC 
interface  is  a  new  result  in  the  literature.  It  implies  a 
complete  absence  of  C-C  or  C-0  bonds  and 
characterizes  a  prominently  simplified  and  abrupt 
interface.  This  is  in  contradiction  with  Hometz  et  al 
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[4]  who,  in  spite  of  comparable  energy  spectrometer 
resolutions,  have  found  five  components  in  their  C 
Is  peak  and  explained  their  results  by  the  presence 
of  sp2  bonds  in  a  complicated  interface  layer 
implying  silicon,  carbon  and  oxygen  atoms.  We  can 
assert  that  our  C  Is  line  is  really  a  homogeneous  one 
which  only  reveals  the  substrate  contribution.  An 
ideal  Si02/SiC  interface  should  be  reducible  to  the 
last  Si  layer  on  top  of  the  SiC  substrate  connected  to 
the  first  oxygen  atoms  of  the  oxide  like  Si02  onto 
Si(lll).  As  suggested  by  Onneby  et  al  [8]  and 
Hometz  et  al  [4]  such  an  interface  would  be  formed 
by  Si-(OC3)  species  linking  the  first  oxygen  atoms  of 
the  oxyde  layer  with  silicon  atoms  themselves  back- 
bonded  with  three  carbon  atoms  beneath  the  top 
substrate  layer.  According  to  these  authors,  these 
particular  silicon  atoms  would  provide  a  weak 
additional  Si  2p  component  located  between  the  Si 
2p  (SiC)  and  Si  2p  (Si02)  components.  Our  single  C 
Is  feature,  excludes  connections  of  the  oxide  with 
any  C  substrate  terminations.  Concerning  the  Si  2p 
feature,  within  our  detection  limit,  we  did  not 
observe  possible  suboxide  components  in  addition  to 
the  two  main  SiC  and  Si02  components  for  sample 
thicknesses  in  the  linear  growth  regime  (  Fig.  3  ). 
With  similar  analyzer  energy  resolution  than  these 
authors,  as  for  C  Is,  the  absence,  or  at  least,  the 
presence  of  weaker  suboxide  components  may  be 
related  to  a  more  abrupt  Si02/SiC  interface  in  our 
case.  We  think  that  the  interface  we  have  obtained  is 
reducible  to  an  ideal  monoatomic  connexion  layer 
for  which  the  residual  Si-O  interfacial  contribution  to 
the  Si  2p  peak  stays  below  our  detection  limit. 

Concerning  the  growth  kinetic,  drawing  a  parallel 
with  Si  oxidation,  the  linear  regime  we  observe  in 
Fig.  3  may  speculatively  be  compared  with  the  well 
known  Mott-Cabrera  mechanism  [11].  The  latter  also 
concerns  dry  02  oxidation  and  involves  interfacial 
space  charge  effects  resulting  in  a  modified  diffusion 
of  charged  oxidizing  species  within  a  given  Debye 
oxide  thickness  ranging  from  100  to  200  A.  We  can 
assume  that  the  thin  oxides  we  have  grown  here  are 
similarly  submitted  to  a  charge  injection 
disappearing  for  higher  oxide  layers.  Then  the  nature 
of  the  oxidation  agent  may  thus  be  thickness 
dependent  and  possibly,  in  the  case  of  SiC, 
determining  in  the  formation  of  C-O  bonds  able  to 
exodiffuse.  The  carbon  enrichment  of  the  oxide/SiC 
interface  could  be  oxide  thickness  dependant. 


5.  Conclusion 

The  initial  stage  of  oxide  growth  using 
technological  conditions  (dry  oxidation  at  1  atm  and 
1000°C)  has  been  probed  by  X-ray  Photelectron 
Spectroscopy  (XPS)  measurements.  We  compare  the 
results  of  the  oxidation  of  two  types  of  surfaces  i.e., 
reconstructed  3x3  Si-rich  and  6V3x6V3R30° 
graphitized  C-rich  surfaces.  In  both  cases  neither  C- 
C  bonds  nor  C-enrichment  could  be  detected  after 
oxidation  at  the  Si02/SiC  interface.  With  the  initially 
C-rich  graphitized  surface  the  C-C  bonds  are 
exodiffused  during  the  first  minute  of  the  oxidation. 
These  results  associated  with  the  absence  of  any 
discernible  suboxide  component  in  the  Si  2p  signal 
are  indicative  of  a  first  elaboration  of  abrupt,  nearly 
ideal,  Si02/SiC  interfaces.  Possible  causes  of  the 
previously  observed  C-enrichments  are  discussed. 
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Forward  and  reverse  currents  in  the  amorphous  SiC/pSi  structure  were  studied  in  the  temperature  range  from 
30  to  80  K.  Charging  of  electron  traps  located  in  the  SiC  layer  increases  the  forward  current  due  to  reduction  of 
the  potential  barrier  for  holes.  The  current  was  found  to  be  controlled  by  the  Poole-Frenkel  emission  via  the 
system  of  levels  in  the  SiC  layer  located  at  0.048  eV  and  0.065  eV  above  the  edge  of  the  valence  band. 


1.  INTRODUCTION 

Silicon-on-Diamond  (SOD)  material  is  the 
promising  one  for  some  SOI  applications  due  to  an 
outstanding  heat  conductivity  and  a  high  resistivity  of 
diamond  [1].  However,  known  techniques  for 
deposition  of  diamond  films  on  the  silicon  substrate 
do  not  provide  a  perfect  Si/C  interface  [2].  The 
silicon/diamond  interface  is  characterized  by  the 
presence  of  the  highly  defective  transition  layer 
which  is  believed  to  be  composed,  at  least  partially, 
of  amorphous  SiC  (a-SiC)  and  is  known  to 
dramatically  affect  long-term  reliability  and  noise 
characteristics  of  SOI-based  devices. 

Investigations  of  the  a-SiC-pSi  heterostructure 
using  thermally  stimulated  charge  release  (TSCR) 
technique  [3]  have  shown  that  the  SiC  layer  contains 
the  system  of  shallow  levels  near  the  bottom  of  the 
conduction  band  with  activation  energies  of  0.08, 
0.16  and  0.22  eV. 

In  this  paper  results  of  measurements  of  forward 
and  reverse  current-voltage  (I-V)  and  current- 
temperature  (7-7)  characteristics  in  a-SiC-pSi 
heterojunctions  in  the  temperature  range  from  30  to 
80  K  are  presented,  and  the  effect  of  the  charge  state 
of  electron  centres  in  the  SiC  layer  on  the  transport 
current  is  studied. 

2.  EXPERIMENTAL 

The  SiC  layer  was  deposited  onto  the  silicon 


wafer  using  a  low-pressure  chemical  vapour 
deposition  (LPCVD)  technique  in  an  atmosphere  of 
methyltrichlorosilane  at  temperature  1000°C.  The 
thickness  of  the  SiC  layer  was  1.1  |im. 
Measurements  were  carried  out  on  the  Al-SiC-pSi 
structure.  The  aluminium  capacitor’s  area  was  0.001 
cm2.  The  character  of  the  current  transport  was 
studied  either  by  measuring  the  set  of  I-V 
characteristics  at  several  values  of  temperature,  or  by 
measuring  the  set  of  temperature  dependencies  of  the 
current  ( I-T  characteristics)  at  a  fixed  bias  voltage 
applied  to  the  structure  [4,  5]. 

Filling  of  the  system  of  electron  traps  located  in 
the  silicon  carbide  layer  was  performed  by  applying  a 
positive  bias  to  the  aluminium  electrode  at  a  fixed 
temperature  (about  120  K).  Cooling  the  sample  to  a 
lower  temperature  and  switching  off  the  filling 
voltage  turns  the  system  into  the  non-equilibrium 
state  with  a  fraction  of  charge  being  trapped  in  the 
centres  of  the  SiC  layer. 

3.  RESULTS  AND  DISCUSSION 

3.1.  Forward  I-V  and  I-T  characteristics 

Figure  1  shows  I-V  characteristics  of  the  forward- 
biased  heterostructure  measured  at  40  and  80  K  with 
and  without  filling  the  electron  system  of  centres  in 
the  SiC  layer.  It  can  be  seen  in  the  figure  that  each 
curve  consists  of  three  sections  with  the  substantially 
different  character  of  the  dependence  of  current  on 
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bias  and  temperature.  In  the  low-voltage  region,  the 
current  rises  rather  slowly  (section  I),  then  a  sharp 
increase  of  the  current  is  observed  (section  II),  and  in 
the  higher  voltage  region  of  section  III  a  smaller 
slope  of  the  log  I  vs.  V  dependence  is  recorded.  Such 
a  behaviour  reflects  the  existence  of  different 
mechanisms  of  the  transport  current  control  with 
increasing  forward  bias. 


Gate  voltage,  V 

Figure  1.  Forward  I— V  characteristics  at  the 
temperatures  40  K  (A)  and  80  K  (O)  for  empty  (open 
symbols)  and  filled  (full  symbols)  electron  states. 

Filling  of  the  electron  traps  results  in  an  increase 
of  the  current  in  the  whole  investigated  voltage 
range.  It  was  shown  in  [3]  that  at  temperatures 
below  80  K  the  major  part  of  the  electron  charge 
remains  trapped.  The  fact  that  the  forward  current 
increases  after  filling  of  the  traps  proves  that  the 
dominant  component  of  the  forward  current  is  the 
hole  current.  In  this  case  the  negative  charge  of 
electrons  trapped  in  the  SiC  layer  lowers  the 
potential  barrier  for  the  hole  transport  from  the 
silicon  substrate  through  the  heterointerface  and  the 
silicon  carbide  layer  into  the  metallic  contact. 

If  the  absolute  magnitude  of  the  negative  bias 
applied  to  the  aluminium  electrode  increases, 
different  situations  will  eventually  appear.  At  low 
forward  bias  the  band  diagram  does  not  differ 
significantly  from  the  classical  Anderson  energy  band 
diagram  for  heterojunctions.  At  some  bias  F=FFb  the 
negative  voltage  at  the  gate  electrode  compensates 
the  built-in  diffusion  potential  and  the  flat  band 
conditions  for  the  semiconductor  are  reached. 

Since  doping  of  the  wide-bandgap  semiconductor 


is  low,  its  resistivity  is  high  at  temperatures  below  the 
liquid  nitrogen  temperature,  therefore,  an  amorphous 
silicon  carbide  layer  can  be  considered  as  a  dielectric 
with  leakage.  As  the  forward  voltage  is  further 
increased,  the  voltage  drop  across  the  silicon  part  of 
the  heterojunction  remains  practically  unchanged, 
because  the  excess  of  holes  in  the  accumulation  layer 
near  the  interface  is  removed  to  the  amorphous  layer. 
The  portion  of  the  bias  exceeding  the  value  which  is 
spread  over  the  silicon  substrate  appears  to  be 
applied  to  the  silicon  carbide  layer  and  when  the 
magnitude  of  the  negative  gate  bias  increases,  the 
voltage  drop  across  the  amorphous  film  increases.  In 
this  case  the  single-crystalline  silicon  plays  a  role  of  a 
source  of  charge  carriers  and  the  current  is 
determined  uniquely  by  the  transport  processes  in  the 
amorphous  material. 

Thus,  as  the  forward  bias  increases,  different 
situations  may  occur,  so  that  different  theoretical 
models  of  transport  should  be  drawn  to  explain  the 
observed  behaviour. 

The  fact  that  the  slope  of  logarithm  of  the  current 
vs.  voltage  dependence  at  low  forward  biases,  is 
practically  independent  of  temperature  (see  figure  1) 
can  be  considered  as  an  evidence  of  the  tunnelling 
mechanism  of  the  transport  current.  As  was  shown  in 
[6],  the  most  probable  transport  mechanism  for  such 
heterojunctions  is  the  multi-step  tunnelling  process 
via  the  localized  states  in  the  semiconductor 
bandgap.  According  to  this  mechanism  the  current  is 
described  by  the  relation: 

J=Jbexp( V/  Vo)exp(7y  To),  where  Vo  and  To  are 
constant  parameters. 


Figure  2.  Temperature  dependencies  of  forward 
currents  at  small  biases. 


267 


V.  Lysenko  et  al.  /  Microelectronic  Engineering  48  (1999)  265-268 


Figure  2  shows  the  temperature  dependencies  of 
the  current  at  low  forward  biases.  One  can  notice 
that  an  exponential  dependence  of  the  current  on 
temperature  is  really  observed  in  this  part  of  I-V 
curves.  The  characteristic  temperature  TO  ranges 
between  13  and  16  K. 

If  the  forward  bias  exceeds  the  flat-band 
voltage  Vfb,  the  onset  of  an  additional 
transport  mechanism  for  holes  takes  place. 
One  of  such  mechanisms  is  the  conduction 
via  the  system  of  centres  located  near  the 
edge  of  the  bandgap  by  the  thermally 
activated  capture-emission  process  with 
account  of  barrier  lowering  in  the  electric 
field.  This  mechanism  is  known  as  the 
Poole-FYenkel  emission  and  was  initially 
suggested  to  explain  the  forward  current- 
voltage  characteristics  of  amorphous 
solids.  According  to  this  mechanism  the 
current  must  obey  the  law  [7]: 


/ 

J  ocEexp 


2j(g b  l^i) 

kT 


here  <p&  is  the  depth  of  the  trap’s  potential 
well,  E  is  the  electric  field  in  the 
amorphous  material,  $  is  the  static  dielectric 
permittivity  of  the  material. 

Assuming  that  the  electric  field  in  the  amorphous 
material  is  constant,  E=\V-Vp  \  /  d,  where  d  is 
the  thickness  of  the  silicon  carbide  layer, 
VP  is  the  voltage  of  the  onset  of  the  Poole-Frenkel 
transport  mechanism.  Then  the  plot  of  the  ln[J/  \  V- 
Vp|)  vs.  1/T  dependence  is  a  straight  line, 
its  slope  gives  an  effective  activation  energy 
Ea.  The  activation  energy,  in  turn,  will  be  a  linear 
function  of  |  V-Vp\ 1/2,  giving  the  value  of  the  trap 
depth  (pB  at  the  intercept  with  the  ordinate  axis.  The 
magnitude  of  Vp  should  depend  on  a  number 
of  factors,  for  example,  on  the  fraction  of 
the  diffusion  potential  over  the  amorphous 
part  of  the  heterostructure,  density  and  energy 
distribution  of  surface  electron  states  at  the 
amorphous-crystalline  interface,  the  magnitude  of  the 
built-in  charge,  etc. 

Figure  3  shows  the  temperature  dependence  of 
the  forward  current  for  several  values  of  the  voltage 
corresponding  to  section  II  of  the  current-voltage 


characteristic.  The  dependencies  were  measured  at 
empty  centres.  Two  temperature  regions,  firstly, 
from  40  to  60  K,  and,  secondly,  from  60  to  80  K, 
were  considered,  within  which  the  fitting  could  be 
performed  with  a  reasonable  accuracy.  From  the 
slope  of  the  dependencies  the  activation  energy  was 
determined,  which  then  was  plotted  as  a  function  of 
\V-Vp\  *72  ( Vp  was  taken  to  be  0.59  V).  The  linear 
dependence  of  the  calculated  activation  energy  on  the 
square  root  of  the  electric  field  indicates  that  the 
assumption  about  the  Poole-Frenkel  transport 
mechanism  is  valid.  The  respective  values  of  trap 
well-depths  are  48  and  65  meV. 


1/T,  K-i 

Figure  3.  Dependence  of  ln(I/|V-VP|)  vs.  reciprocal 
temperature  for  different  forward  biases. 


Our  previous  investigations  [3]  have  shown  that 
near  the  bottom  of  the  conduction  band  of  SiC  the 
levels  with  activation  energies  of  0.08,  0.16  and  0.22 
eV  are  situated.  Investigations  of  the  lower  half  of 
the  bandgap  were  not  performed  because  it  is 
impossible  to  fill  hole  states  by  a  forward  bias  due  to 
a  high  transport  current.  The  above  presented  results 
indicate  that  near  the  top  of  the  valence  band  the 
levels  are  located  with  activation  energies  0.048  and 
0.065  eV. 

Consider  part  III  of  the  current-voltage 
characteristics  (figure  1),  where  the  rise  of  current 
becomes  more  gradual.  In  this  part  of  the  curve  the 
slope  of  I-V  characteristic,  in  semi-log  scale,  is 
independent  of  temperature.  Therefore,  we  can 
suggest  that  the  main  transport  current  mechanism 
here  is  tunnelling.  It  should  be  mentioned,  that  at 
temperature  80  K  the  dependencies  for  empty  and 
filled  states  coincide.  At  such  temperatures  the 
electrons  trapped  in  the  SiC  layer  are  released  into 
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the  conduction  band  and  are  swept  into  the  silicon 
substrate,  because  sufficiently  large  forward  bias 
reduces  the  effective  barrier  for  their  release.  As  a 
result,  the  structure  turns  to  its  initial  condition  with 
empty  electron  states. 

3.2.  Reverse  I-V  characteristics 

If  a  reverse  bias  is  applied  to  the  structure  (Fg>0), 
then  at  low  temperature  in  the  p-type  silicon 
substrate  the  non-equilibrium  depletion  is  formed  and 
the  major  part  of  the  applied  voltage  drops  at  the 
silicon  substrate. 

Measurements  of  currents  at  a  reverse  bias  have 
shown  that  if  the  electron  centres  are  initially  empty, 
the  magnitude  of  the  reverse  current  varies  during 
the  measurement,  that  is,  at  a  constant  temperature 
and  bias,  the  current  slowly  (with  a  time  constant  of 
around  several  minutes)  decreases  approaching  to 
some  steady-state  value.  If  the  trap  filling  is 
performed  before  the  measurement,  the  change  in  the 
current  is  not  observed.  This  effect  was  attributed  to 
the  fact  that  the  negative  charge  of  electron  centres 
in  silicon  carbide  creates  a  barrier  for  carrier 
transport  and  causes  the  reduction  of  the  current. 
This  reduction  of  current  proves  that  the  reverse 
current  is  the  current  of  electrons  from  the  silicon 
substrate  to  the  silicon  carbide  layer  and  further  to 
the  metal  electrode. 


Temperature,  K 

Figure  4.  Temperature  dependence  of  the  reverse 
current  at  different  bias. 

Figure  4  shows  temperature  dependencies  of  the 
reverse  currents  measured  at  different  reverse  biases 
for  empty  traps.  It  is  seen  that  the  reverse  currents 
can  be  described  by  the  same  relation  as  the  forward 


currents  at  low  voltages  (see  figure  2)  which  is  the 
signature  of  a  multitunnelling  character  of  the 
current.  The  characteristic  temperature  T0  is 
practically  the  same  as  that  obtained  for  the  forward 
currents. 


4.  CONCLUSIONS 

From  the  study  of  the  forward  and  reverse 
currents  in  the  a-SiC/pSi  heterojunction  in  the 
temperature  range  from  30  to  80  K  a  system  of 
electrically  active  centres  has  been  found  possessing 
the  levels  near  the  valence  band  with  activation 
energies  0.048  and  0.065  eV.  At  a  reverse  bias  and  a 
low  (less  than  0.3  V)  forward  bias  transport  is 
determined  by  the  process  of  multi-step  tunnelling  of 
electrons  and  holes,  respectively,  via  the  states  in  the 
bandgap  of  amorphous  silicon  carbide.  The  transport 
current  in  the  heterojunction  at  forward  biases 
ranging  from  0.5  to  0.8  V  is  controlled  by  the  Poole- 
Frenkel  emission  of  holes.  At  higher  voltages  the 
transport  mechanism  changes  to  the  tunnelling  one. 

Filling  of  the  system  of  electron  traps  located  in 
the  silicon  carbide  layer  causes  a  reduction  of  the 
potential  barrier  for  holes  and,  as  a  result,  leads  to 
the  increase  of  the  forward  current.  The  reverse 
current  determined  by  the  transport  of  electrons  in 
this  case  decreases. 
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Dangling  Bond  Defects  in  SiC:  the  Dependence  on  Oxidation  Time 
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Electron  paramagnetic  resonance  is  used  to  study  a  near  surface  defect  in  oxidized  4H/6H  SiC 
substrates  and  3C  SiC  epitaxial  layers.  The  defect  is  observed  after  wet  oxidation  and  a  900°  C  dry  thermal 
treatment,  but  the  defect  is  not  located  in  the  oxide.  The  heat  treatment  activates  the  EPR  center  by  removing  a 
hydrogen-related  species  from  a  C  bond.  Oxidation  studies  suggest  that  reaction  of  H2O  with  SiC  creates  the 
defect.  However,  an  alternative  theory  in  which  the  defect  is  intrinsic  to  SiC  cannot  be  disregarded. 


1.  INTRODUCTION 

SiC  remains  a  focus  of  much  research 
because  it  could  replace  Si  in  specialty  electronic 
applications  involving  high  temperature  and  high 
power  [1].  For  any  application,  surface  quality  is 
critical  for  successful  device  operation.  This  paper 
addresses  a  near-surface  defect  in  SiC  that  we 
suggest  is  created  by  oxidation.  The  defect  is 
observed  using  room  temperature  electron 
paramagnetic  resonance  (EPR)  spectroscopy  on 
SiC  substrates  that  have  been  oxidized  and 
thermally  treated. 

EPR  is  one  of  the  few  spectroscopies  that 
can  measure  defect  densities  on  the  order  of  parts 
per  million,  the  level  critical  to  microelectronic 
devices.  The  technique  depends  on  the  absorption 
of  microwave  energy  at  a  defect  that  has  been 
slightly  perturbed  by  the  application  of  a  magnetic 
field  [2],  The  magnetic  field  at  which  absorption 
occurs  is  related  to  the  g-value  of  the  defect 
through  the  Zeeman  interaction,  hv=gp.BB.  Figure 
1  illustrates  an  X-band  EPR  spectrum  obtained 
from  an  oxidized  double-sided  polished  6H 
substrate  that  was  heat  treated  at  900°  C  for  200 
min  in  dry  N2.  The  g-value,  which  is  calculated 
from  the  point  where  the  spectral  amplitude  crosses 
zero,  is  isotropic  and  has  a  value  of  2.0026+/- 
0.0001.  The  wealth  of  structural  information 
typical  of  EPR  spectra  is  obtained  from  nuclear 
hyperfine  interaction  which,  for  these  samples,  is 
below  the  detection  limit.  To  study  the  center 
more  thoroughly  we  have  executed  a  series  of 
annealing  and  oxidation  studies  [3].  The  defect 


characteristics  may  be  summarized  as  follows: 

1)  The  g-value  is  typical  of  C-related 
defects  in  polycrystalline  diamond  films,  abraded 
SiC,  and  3C  epitaxial  SiC  films  [3]. 

2)  The  signal  is  observed  in  oxidized  SiC 
after  dry  heat  treatment  (H20  <  1  ppm)  in  either  an 
inert  (N2)  or  oxidizing  (02)  ambient.  The 
temperature  dependence  for  generation  of  the 
signal  reveals  an  Arrhenius  behavior  and  gives  an 
activation  energy  of  4.0  eV.  We  suggest  that  the 
activated  reaction  is  the  removal  of  H  from  a  C- 
dangling  bond. 


Figure  1.  EPR  spectra  of  oxidized  double-sided 
polished  (0001)  6H  SiC  after  900°  C  200  min 
treatment  in  dry  N2  (H20  <  1  ppm). 
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3)  The  signal  is  not  generated  after  heat 
treatment  in  an  ambient  containing  H20. 

4)  The  concentration  of  the  center  does 
not  change  after  the  SiC>2  layer  is  removed  using  an 
HF:H20  solution;  however  steam  oxidation 
decreases  the  density  at  least  an  order  of 
magnitude. 

Inherent  to  the  description  of  the  defect 
given  above  is  the  understanding  that  an  EPR 
signal  can  result  from  either  generation  of  a  new 
defect  or  activation  of  a  pre-existing  defect.  For 
example,  we  assume  that  the  spectrum  shown  in 
figure  1  results  from  an  activation  process 
consisting  of  the  depassivation  of  hydrogen  or  a 
hydrogen -related  species  from  a  C-dangling  bond 
during  dry  heat  treatment.  The  model  is  consistent 
with  several  results.  The  signal  is  obtained  after  a 
dry  heat  treatment,  but  is  not  observed  after 
annealing  in  an  ambient  containing  moisture  [3]. 
The  activation  energy,  4.0  eV,  is  reasonable  for 
dissociation  of  a  CH  bond  [3].  An  alternative  idea, 
in  which  the  heat  treatment  generates  the  defect, 
would  be  consistent  with  the  process  of  Si 
evaporation  known  to  occur  at  the  surface  of  SiC 
under  certain  high  temperature  conditions  [4,5]. 
However,  we  discount  the  Si  evaporation  model 
because  ultra  high  vacuum  conditions  are 
necessary  to  observe  the  loss  of  Si,  and  there  is  no 
indication  of  evaporation  when  as  little  as  10  Torr 
of  O 2  is  added  at  1000°  C  [4,5].  In  our  work, 
adding  dry  02  (H20  <  1  ppm)  to  the  heat  treatment 
ambient  does  not  alter  the  intensity  of  the  EPR 
signal  [6].  Having  established  the  role  of  the  dry 
heat  treatment  as  an  activation  process,  the  work 
presented  here  examines  the  role  of  oxidation  in 
generating  the  defect. 

2.  EXPERIMENTAL  DETAILS 

The  types  of  SiC  studied  include 
double-sided  polished  (0001)  hexagonal  polytypes 
and  1  pm  thick  3C  epitaxial  layers  grown  on  a 
(100)  Si  substrate.  All  were  oxidized  in  steam  at 
1150°  C,  and  the  oxide  thickness  was  measured  by 
profilometry.  Dry  heat  treatment  was  performed 
by  placing  the  samples  in  a  double  walled  quartz 
tube  at  900°  C  with  flowing  0.99998  N2  or  0.99996 
O2  for  200  min.  The  moisture  reading  at  the 
output  of  the  furnace  tube  used  for  the  dry  heat 


treatment  was  always  less  than  1  ppm.  After  heat 
treatment,  the  oxides  were  etched  from  the 
substrate  at  room  temperature  using  a  9:1  H20:HF 
(50%)  solution.  The  same  substrates  were  used  for 
the  subsequent  oxidations  and  dry  heat  treatments. 

X-band  EPR  measurements  were 
performed  at  room  temperature  after  oxidation, 
after  thermal  treatment,  and  after  oxide  removal. 
The  EPR  signal  of  the  defect  discussed  here  is 
induced  by  the  thermal  treatment.  A  spectrum 
with  the  same  g-value  as  the  heat  treatment 
induced  signal  persists  in  the  3C  epilayers  after 
oxidation.  To  obtain  the  density  of  centers  which 
were  activated  by  the  thermal  treatment,  the  EPR 
spectrum  after  oxidation  was  subtracted  from  that 
measured  after  the  dry  treatment  step.  No  signal 
remained  after  oxidation  of  the  hexagonal 
polytypes,  so  the  density  of  the  center  was 
calculated  directly  from  the  EPR  signal  measured 
after  heat  treatment.  The  number  of  centers  was 
obtained  from  double  integration  of  the  spectrum 
and  comparison  to  a  standard,  weak  pitch.  To 
minimize  error  due  to  the  low  signal-noise  ratio, 
the  signal  with  the  largest  intensity  was  used  to 
obtain  the  absolute  number  of  defects.  The  number 
of  centers  in  the  remaining  samples  was  estimated 
by  comparing  the  EPR  signal  amplitudes.  Areal 
density  was  determined  by  dividing  the  number  of 
centers  by  the  area  of  one  side  of  the  sample.  Error 
was  based  on  the  amplitude  of  the  noise  in  each 
spectrum.  Because  many  samples  of  the  3C 
polytype  could  be  measured  at  one  time,  data 
obtained  from  them  exhibit  a  greater  signal-noise 
ratio  than  data  from  hexagonal  polytpes. 
Therefore,  the  3C  data  has  the  smallest  error  bars. 


3.  RESULTS 

Figure  2  shows  the  concentration  of 
centers  measured  after  dry  heat  treatment  of 
samples  that  were  oxidized  for  varying  lengths  of 
time.  Each  data  point  was  obtained  after  oxidation 
for  a  time  shown  on  the  x-axis,  tox,  and  200  min 
thermal  treatment.  The  4H  (A),  6H  (O),  and  3C 
(□)  data  exhibit  similar  trends.  A  peak  is 
observed  at  2  hr  for  the  hexagonal  polytypes  and 
4  hr  for  the  3C  epilayers.  After  32  hr,  when  the  3C 
epilayer  should  be  totally  consumed  by  oxidation, 
the  EPR  signal  is  below  the  detection  limit 
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Figure  2.  Density  of  EPR  centers  induced  by 
dry  heat  treatment  at  900°  C  in  oxidized  3C 
epitaxial  layers  (□);  oxidized  6H  substrates 
(O);  oxidized  4H  substrates  (^).  Samples 
were  oxidized  in  steam  at  1150°  C  for  the  time 
indicated  on  the  x-axis. 

Like  Si  oxidation,  SiC  oxidation  occurs  at 
the  surface  of  the  substrate  and  consumes  the 
substrate  as  the  SiCh  grows  [7,8].  Thus,  oxidation 
may  be  thought  of  as  an  etching  process  where  the 
etched  material  is  transformed  into  Si02  rather 
than  dissolved  in  solution.  Since  we  know  that  the 
defect  is  not  located  in  the  SiC >2  layer,  the  change 
in  the  EPR  signal  intensity  with  oxidation  ’etching’ 
time  may  be  interpreted  in  terms  of  a  concentration 
variation  with  depth  into  the  SiC.  The  amount  of 
SiC  removed  during  tox  was  calculated  through  the 
relationship,  d  =  0.46  dox,  where  d  is  the  thickness 
of  the  SiC  consumed  by  oxidation  and  dox  is  the 
thickness  of  the  SiCh  layer  grown  during  tox.  In 
figure  3,  we  plot  the  concentration  data  of  figure  2 
vs.  the  total  depth  below  the  original,  unoxidized 
SiC  surface.  The  total  depth  was  obtained  by 
adding  the  dox  calculated  at  each  tox  to  the  depths 

found  for  all  previous  times.  The  4H  (^  )  and  6H 
(O)  data  shown  in  figure  3  are  plotted  vs.  distance 
beneath  the  C-face  surface.  Because  the  Si  face 
and  C  face  of  the  hexagonal  polytypes  oxidize  at  a 
different  rates,  depth  beneath  the  surface  of  the  Si 
face  must  be  obtained  by  multiplying  distance  by 
about  0.2  [7]. 


Figure  3.  Density  of  EPR  centers  measured 
after  layers  of  SiC  were  removed  by  oxidation. 
Data  are  the  same  as  those  shown  in  figure  2. 
Depth  is  measured  below  the  original, 
unoxidized  surface.  For  the  hexagonal 
polytypes  the  depth  below  the  C-face  is  shown. 
Depth  below  the  Si-face  may  be  approximated 
by  multiplying  by  0.2. 


4.  DISCUSSION 

The  data  of  figures  2  and  3  offer  two 
possible  ways  in  which  oxidation  may  contribute  to 
the  formation  of  this  center.  The  dependence  on 
oxidation  time  shown  in  figure  2  suggests  that 
oxidation  generates  the  defect  by  breaking  Si-C 
bonds.  On  the  other  hand,  the  depth  profile  of 
figure  3  indicates  that  oxidation  brings  a  pre¬ 
existing  defect  close  to  the  SiC  surface  and  allows 
the  passivating  species  to  out-diffuse.  We  discuss 
each  interpretation  below. 

Oxidation  of  SiC  is  thought  to  create  solid 
Si02  and  gaseous  CO  that  diffuses  from  the 
growing  oxide  [7].  We  speculate  that  oxidation 
also  creates  C-dangling  bonds  which  combine  with 
H  atoms  during  wet  oxidation.  Some  of  the  CH 
bonds  remain  in  the  substrate  as  the  oxide  forms. 
These  yield  the  defects  observed  in  the  EPR 
spectrum  after  a  dry  heat  treatment  drives  off  the 
hydrogen.  Other  CH  bonds  may  react  with  H2O  or 
O2  to  form  a  gaseous  species  that  leaves  the 
sample,  taking  with  it  the  potential  C  dangling 
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bond.  The  dependence  of  the  defect  density  on 
oxidation  time  should  be  determined  by  the  relative 
reaction  rates  for  CH  bond  formation  and  its 
removal  by  oxidation.  Presumably,  CH  bond 
formation  dominates  initially.  As  the  density  of 
CH  in  the  substrate  increases,  the  defect  density 
measured  after  dry  heat  treatment  increases.  After 
longer  oxidation  times,  when  the  CH  bonds  begin 
to  be  removed  by  reaction  with  steam  or  oxygen, 
the  defect  density  decreases.  This  is  seen  in  the 
data  at  times  greater  than  2  hr  in  the  hexagonal 
polytypes  and  4  hr  in  3C  material.  Eventually, 
when  equilibrium  is  reached  between  CH 
production  and  its  removal  by  oxidation,  the  EPR 
signal  should  saturate  as  seen  in  the  data  of  figure 
2  at  time  greater  than  4  hr.  Because  the  oxidation 
rate  for  our  cubic  and  hexagonal  samples  differs, 
the  transition  time  between  CH  formation  and 
removal  should  not  be  the  same.  This  is  consistent 
with  the  differences  in  the  peak  times  for  the 
hexagonal  and  cubic  polytypes  shown  in  figure  2. 
The  4H  and  6H  polytypes  have  the  same  oxidation 
kinetics;  consistently,  as  shown,  the  transition  time 
from  CH  formation  to  CO  formation  is  the  same. 
The  different  faces  of  the  hexagonal  polytypes  also 
exhibit  very  different  oxidation  rates.  However, 
because  the  faces  are  measured  simultaneously  it  is 
impossible  to  separate  the  contributions  of  each 
from  the  present  data. 

The  depth  profile  of  figure  3  offers  a 
different  scenario.  Assuming  that  the  EPR  center 
is  related  to  intrinsic  defects  such  as  Si  vacancies 
or  micropipes,  Figure  2  illustrates  that  the  defects 
exist  throughout  the  3C  epilayer  or,  in  the 
hexagonal  polytypes,  to  a  depth  of  at  least  1  pm 
below  the  C-face  or  200  nm  below  the  Si  face.  In 
this  interpretation,  we  assume  that  oxidation 
simply  removes  material  and  brings  the  defect 
closer  to  the  surface  of  the  SiC.  Once  the  surface 
is  within  the  diffusion  length  of  the  hydrogen- 
related  species  that  is  released,  the  defect  may  be 
revealed  through  die  dry  heat  treatment.  This 
presents  a  simple  interpretation  of  the 
experimental  data.  However,  it  is  somewhat 
surprising  that  materials  made  by  such  drastically 
different  means  would  contain  defects  that  have 
similar  depdi  profiles.  The  distribution  of  defects 
in  the  hexagonal  and  cubic  polytypes  is  die  same, 
and  the  concentration  peak  occurs  at  approximately 
die  same  depth  for  the  C-face  and  3C  samples.  In 


addition,  the  defect  densities  differ  by  no  more 
than  a  factor  of  two.  In  fact,  assuming  that  the 
defects  arise  from  both  faces  of  the  double-sided 
polished  samples,  die  hexagonal  polytype  data 
should  be  halved.  In  this  case,  the  density  of 
defects  in  die  different  polytypes  is  almost 
identical.  Although  diere  does  not  appear  to  be 
any  reason  why  the  defects  in  these  materials 
should  be  distributed  in  a  like  manner,  the 
coincidence  is  not  sufficient  basis  to  eliminate  the 
interpretation  of  the  data  in  terms  of  depth 
dependence  of  intrinsic  defects. 

In  summary,  we  observe  a  defect  in 
several  different  polytypes  of  SiC  subjected  to 
oxidation  and  dry  heat  treatment.  A  theory  in 
which  the  defect  is  intrinsic  to  SiC  cannot  be 
disregarded.  However,  we  believe  that  the  defect  is 
generated  by  oxidation,  and  the  EPR  center  is 
activated  by  removal  of  hydrogen  from  a  CH  bond. 
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A  simple  method  for  the  evaluation  of  the  recombination  parameters 
in  SiC  MOS  structures 
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department  of  Microelectronics  ED,  Chalmers  University  of  Technology,  Goteborg,  Sweden 

This  paper  presents  an  analysis  of  non-equilibrium  behavior  of  the  room-temperature  inversion  layer  in  a 
SiC  MOS  structure.  Different  mechanisms  responsible  for  recombination  of  the  excess  inversion  carriers  are 
discussed.  A  simple  method  for  the  evaluation  of  recombination  lifetime  in  the  subsurface  region  of  SiC  is 
proposed.  The  method  is  based  on  the  room-temperature  high-frequency  CV-measurements.  The  limitations  for 
the  applicability  of  the  proposed  method  are  outlined. 

1.  INTRODUCTION  carriers  in  a  SiC  MOS  structure  can  be  also  an 

inversion  layer  beyond  the  gate  electrode  caused  by 
A  large  attention  has  been  paid  in  the  last  few  the  oxide  charge,  similar  to  that  in  MOS  structures 

years  on  the  fabrication  and  investigation  of  SiC  on  p-type  Si  with  a  large  positive  oxide  charge.  Once 

MOS  structures  due  to  their  potential  for  high-  the  inversion  layer  has  been  formed  in  a  SiC  MOS 

power  and  high- temperature  devices  [1,2].  For  structure,  its  disappearance  by  recombination  at 

design  and  application  of  SiC  MOS  devices,  it  is  room  temperature  is  also  very  slow.  The  reason  is 

important  to  have  a  clear  understanding  of  different  very  similar  to  that  in  Si  MOS  structures  at  low 

physical  processes  in  SiC  MOS  structures.  In  this  temperatures  [3].  It  lies  in  the  fact  that  due  to  a  large 

work,  we  discuss  non-equilibrium  behavior  of  the  band  gap  of  SiC  at  strong  inversion  potential  the 

room-temperature  inversion  layer  in  a  SiC  MOS  majority  carrier  concentration  at  the  SiC  surface  and 

structure,  which  can  be  created  by  an  external  in  the  depletion  region  is  very  low,  and  the  potential 

minority  carrier  generation  or  injection.  Based  on  the  barrier  for  injection  of  minority  carriers  into  SiC 

analysis  of  different  recombination  current  volume  is  too  high.  As  a  result,  a  large  deviation 

components,  we  propose  a  simple  method  for  the  from  the  equilibrium  state  is  needed  in  order  for 

extraction  of  the  carrier  recombination  lifetime  in  the  recombination  to  become  noticeable.  In  other  words, 

subsurface  region  of  SiC  using  room-temperature  high  forward  biases  should  be  developed  across  the 

high-frequency  CV-measurements.  The  limitations  inversion  layer  (being  in  fact  gate-induced  p-n 

for  the  applicability  of  the  proposed  method  are  junction)  before  a  measurable  recombination  current 

analyzed.  can  flow  at  room  temperature  in  a  SiC  MOS 

structure. 

Therefore,  if  the  inversion  layer  has  been  formed 

2 .  NON-EQUILIBRIUM  ROOM  in  a  SiC  MOS  structure,  for  practical  sweep  rates, 

TEMPERATURE  INVERSION  LAYER  the  system  is  in  non-equilibrium  condition,  when  the 

gate'  voltage  is  swept  in  a  direction  of  decreasing 
The  minority  carrier  generation  rate  in  SiC  at  inversion.  This  results  in  non-equilibrium  C-V- 

room  temperature  is  known  to  be  extremely  low  due  curves  in  the  inversion  region.  Below  it  will  be 

to  the  wide  band  gap  of  SiC.  So,  if  a  SiC  MOS  shown  that  at  proper  conditions  the  carrier 

capacitor  is  driven  in  deep  depletion,  very  long  times  recombination  lifetime  in  the  surface  region  of  SiC 

are  required  to  form  an  inversion  layer  and  to  restore  can  be  extracted  from  the  non-equilibrium  steady- 

thermal  equilibrium.  The  inversion  layer  can  be  state  inversion  capacitance  measured  with  the  linear 

formed  using  an  external  carrier  generation,  for  return  sweep  of  the  gate  voltage, 

example,  by  illumination.  The  source  of  minority 
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3.  EXPERIMENTAL 

Measurements  presented  in  this  work  have  been 
performed  on  n-type  SiC  MOS  structures  obtained 
by  a  thermal  oxidation  of  N-doped  6H-SiC  wafers  in 
dry  02  at  1100°C.  The  doping  of  the  epitaxial  layer 
was  1.3xl016  cm'3.  The  oxide  thickness  was  1380A. 

Fig.l  shows  the  high-frequency  C-V-curve 
measured  in  a  SiC  MOS  structure  at  room 
temperature,  when  inversion  layer  is  obtained  by 
illumination  at  the  turning  point.  Physical  processes 
responsible  for  different  regions  of  the  C-V-curve 
are,  in  fact,  the  same  as  in  a  Si  MOS  structure  at  low 
temperature  [3].  Recombination  processes  appear  on 
the  return  sweep.  A  steady-state  non-equilibrium 
inversion  capacitance  is  observed  when  the 
recombination  current  is  Irec  =  CoxdV  /  <afr,with  Cox 
the  oxide  capacitance  and  dV  l  dt  the  voltage 
sweep  rate. 


Fig.l.  Non-equilibrium  HF  C-V  curve  measured  on 
the  n-type  6H-SiC  MOS  capacitor  at  room 
temperature  ((f=lMHz,  Ag-7. 85x10 3  cm2).  Dashed 
line  indicates  an  equilibrium  inversion  capacitance. 

4.  RECOMBINATION  CURRENT 
COMPONENTS 

In  general,  there  are  the  following  components 
of  recombination  of  the  excess  inversion  carriers  in  a 
MOS  structure:  (1)  surface  recombination  under  the 
gate,  (2)  recombination  in  the  depletion  region  under 
die  gate,  or  volume  recombination  component,  (3) 
recombination  in  the  quasi-neutral  region 
surrounding  the  depletion  region  under  the  gate,  or 
volume  diffusion  component,  (4)  surface 
recombination  in  the  lateral  gate-induced  depletion 
region,  (5)  recombination  at  the  surface  outside  of 


the  gate-induced  depletion  region,  or  the  surface 
diffusion  component. 

Generally,  the  recombination  current  follows 
the  law  Irec  -  I0  exp (qVF  /  nkT),  where  VF  is  the 

forward  bias,  Yl= 2  when  recombination  components 
are  dominant,  and  Yl- 1  when  the  diffusion 
mechanism  is  prevailing. 

Let  us  consider  each  of  the  components.  Surface 
recombination  under  the  gate  should  be  suppressed 
for  strong  inversion.  The  estimation  of  the  second 
and  third  components  shows  that  for  low  current 
densities  (10'8-10'10  A/cm2),  which  correspond  to 
practical  sweep  rates,  and  typical  lifetime  values  in 
SiC  (10"7-10'10  s),  recombination  in  the  depletion 
region  is  expected  to  be  several  orders  of  magnitude 
greater  than  the  diffusion  component. 

The  contribution  from  surface  recombination  in 
the  lateral  gate-induced  depletion  region  (the 
perimeter  surface  recombination)  depends  on  the 
surface  recombination  velocity  and  area-to-perimeter 
ratio.  In  practice,  this  component  usually  will  be  of  a 
minor  importance  compared  to  volume  component. 
It  can  be  shown  that  for  the  case  of  surface 
recombination  velocity  5= 1000  cm/s  and 
recombination  lifetime  in  SiC  Tv=107  s,  in  the 
capacitor  with  the  gate  radius  of  0.01  cm  the 
perimeter  effect  should  be  about  2%  of  the  volume 
recombination  contribution. 

Recombination  at  the  surface  outside  the  gate- 
induced  depletion  region  depends  critically  on  the 
surface  conditions.  For  the  case  of  accumulation,  this 
component  appears  to  be  suppressed,  however,  for 
the  case  of  depletion  or  inversion,  it  may  be 
significant.  Besides,  if  an  equilibrium  surface  band 
bending  and  depletion  width  outside  the  electrode 
are  higher  than  their  non-equilibrium  values  under 
the  gate,  the  minority  carriers  will  sink  out  of  the 
inversion  layer  by  drift-diffusion  mechanism. 

5.  A  SIMPLE  MODEL  FOR 
RECOMBINATION  IN  THE  DEPLETION 
REGION 

The  above  analysis  shows  that  if  the  surface 
diffusion  (or  drift-diffusion)  component  out  of  the 
gate  is  avoided  (for  example,  due  to  accumulation  at 
die  surface  or  by  using  a  guard  ring  biased  in 
accumulation),  recombination  in  the  depletion  region 
under  the  gate  is  expected  to  be  prevailing.  For  this 
case,  the  carrier  recombination  lifetime  in  the  surface 
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region  of  SiC  can  be  evaluated  from  the  C-V 
measurements. 

An  observation  of  a  constant  non-equilibrium 
inversion  capacitance,  or  constant  recombination 
current,  means  that  a  steady-state  analysis  can  be 
applicable.  With  the  assumption  of  a  single-level 
bulk  trap  with  a  uniform  spatial  distribution,  a 
steady-state  recombination  rate  can  be  given  by  the 
usual  SRH  expression  [4]: 

„  pn-  nf 

Ry  =  - — - 1 -  ,  (1) 

Tpin  +  n^  +  rJp  +  pJ 

where  symbols  have  their  usual  meaning.  For  a  low 
carrier  injection  conditions,  quasi-Fermi  levels  for 
electron  and  holes  are  assumed  to  be  constant: 
EFn  —  EFp  —  qVF ,  so  that  throughout  the  depletion 

layer  pn  =  nf  exp (qVF  /  kT ) .  The  recombination 
rate  is  non-uniform  across  the  depletion  layer  with  a 
maximum  value  in  the  point  where  X pn  =  X np . 
From  (1)  for  Et  =  E} ,  one  can  obtain: 

(qVF\ 

„  °'eXpl^J 

^Fmax  “  _  >  (2) 


where  t  =  2  Jt  -t  is  the  carrier  recombination 

v  y  n  p 

lifetime, 

In  a  MOS  capacitor,  the  value  of  the  “forward 
bias”  VF  developed  across  the  inversion  layer,  is  set 
by  the  balance  between  the  rate  of  recombination 
processes  and  the  charge  decrease  at  the  gate.  We 
suggest  that  Vp  can  be  determined  from  the 

difference  of  an  equilibrium  strong  inversion 

potential  2  (pF  and  non-equilibrium  inversion 

potential  (pn  resulting  in  steady-state  balance: 

(3) 

where  (pn  is  calculated  from  the  measured  steady- 
state  non-equilibrium  inversion  capacitance 

Fig.  2  shows  the  potential  and  recombination 
rate  distributions  in  the  depleted  region  calculated 
from  the  Poisson  equation  for  non-equilibrium 


\Vf\  =  2 


f  kT ^ 


In 


N_ 


-to. 


conditions  for  various  gate  voltages.  It  is  evident  that 
the  potential  and  recombination  rate  distribution  in 
the  depletion  layer  remains  in  fact  unchanged  for  a 
wide  range  of  Vg.  Thin  lines  in  Fig.2  present  the  case 

of  the  threshold  conditions,  when  \(ps  \  =  2 (pF  -  VF . 

It  can  be  seen  that  for  the  threshold  point,  the 
recombination  rate  distribution  has  the  same  shape, 
as  for  the  high  density  of  inversion  carriers.  This 
reflects  the  fact  that  in  strong  inversion,  the  free 
carrier  concentration  distribution  in  the  depletion 
layer  is  independent  of  the  gate  voltage.  Therefore, 
recombination  current  will  be  independent  of  the 
gate  voltage,  as  long  as  strong  inversion  is 
maintained. 


Fig.2.  Potential  and  recombination  rate  distributions 
in  the  depletion  layer  calculated  for  various  Vg 
(dox=l40  nm,  /VD=1.3xlO’W3,  Vp= 2  V,  VFB=0). 


As  can  be  seen  from  Fig.2,  recombination  has  to 
be  efficient  only  in  a  narrow  region  of  the  depletion 
width  where  the  electron  and  hole  capture  rates  are 
comparable.  This  active  width  Xrec  corresponds  to 
the  region  within  the  potential  variation  of  2kT/q 
from  the  point  of  the  maximum  recombination  rate. 
That  is,  Xrec  can  be  determined  as: 


2kT(d<pY'  2kTes 
q  \  dxJ  q2NDw 


(4) 


where  w  is  the  depletion  layer  width,  ND  and  es  are 
respectively  the  doping  concentration  and  dielectric 
permittivity  of  SiC.  (For  the  simplicity,  the  electric 
field  d(p  /  dx  in  eqn.(4)  is  approximated  by  its 

surface  value  given  by  Gauss’  law).  Therefore,  the 
recombination  current  per  unit  area  in  the  depletion 
region  can  be  expressed  as  follows: 
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0 

The  validity  of  the  approximation  given  by  (5)  is 
demonstrated  in  Table  (xr=300ns).  The  difference  in 
values  of  IR  obtained  from  the  present  simple  model 
and  numerical  integration  is  about  13%. 


Table 

Recombination  Current  in  Depletion  Region 


VF  (V) 

Numer.  integration 

IR  (A/cm2) 

Ir  QRv  max  Xrec 

(A/cm2) 

1.8 

6.5xl0'lu 

5.64xlO'10 

1.9 

4.82xl0'9 

4.15xl0'9 

2.0 

3.61xl0'8 

3.12xl0'8 

2.1 

2.75xl0'7 

2.32xl0'7 

Therefore,  with  a  reasonable  accuracy,  the 
recombination  lifetime  can  be  extracted  from  the 
experimental  data  using  the  following  expression: 


q-rii 


A-X. 


2kT 


C  .**- 
ox  dt 


(6) 


where  Ag  is  the  gate  area,  Vp  and  Xrec  are  given 
respectively  by  (3)  and  (4). 


6.  RESULTS 


Fig.  3  presents  the  IR(VF) -dependence  obtained 
from  the  experimental  C-V  curves  measured  with 
various  sweep  rates  ranging  from  10'2  to  10  V/s  on 
the  capacitor  with  the  gate  radius  of  500  pm. 


Fig.  3.  Ir(Vf)~ dependence  extracted  from  the 
experimental  C-V  curves  (A  g=l  .  8  5  x  1 0"3  cm“2) 


It  is  seen  that  in  a  given  device,  recombination 
current  can  be  fairly  well  fitted  by 
exp (qVF  /  2kT)  ,  which  indicates  the 
predominance  of  the  recombination  component  over 
the  diffusion  component.  Thus  the  above  simple 
analysis  seems  to  be  applicable.  (If  n  tends  to  1,  or 
there  is  no  dependence  of  the  inversion  capacitance 
on  the  sweep  rate,  the  dominant  mechanism  is  most 
likely  diffusion,  or  drift-diffusion  at  the  surface  out 
of  the  gate.  For  this  case,  Eqn.(6)  is  not  valid).  For 
the  example  presented  in  Fig. 3,  the  extracted  lifetime 
is  290  ns. 

7.  CONCLUSIONS 

If  the  inversion  layer  has  been  formed  in  a  SiC 
MOS  structure  by  external  generation,  its 
disappearance  by  recombination  at  room  temperature 
should  be  very  slow  due  to  a  wide  band  gap  and  low 
intrinsic  concentration  in  SiC.  A  large  deviation 
from  equilibrium  state  is  needed  to  ensure  a 
measurable  recombination  current  at  room- 
temperature.  This  results  in  highly  non-equilibrium 
C-V  curves  in  inversion  region. 

At  room  temperature  for  practical  voltage  sweep 
rates,  the  most  important  mechanisms  responsible  for 
disappearance  of  the  inversion  layer  are  shown  to  be 
recombination  in  the  depletion  region  under  the  gate 
and  diffusion,  or  drift-diffusion  at  the  surface  outside 
the  gate.  The  latter  mechanism,  which  strongly 
depends  on  the  surface  conditions  beyond  the 
electrode,  seems  to  be  avoided  for  the  case  of 
accumulation,  or  by  using  a  guard  ring  biased  in 
accumulation.  For  this  case,  the  carrier 
recombination  lifetime  in  the  surface  region  of  SiC 
can  be  extracted  from  room-temperature  C-V 
measurements. 
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Defect  Studies  in  Epitaxial  SiC-6H  Layers  on  Insulator  (SiCOI) 
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Nitrogen  doped  N-type  6H-SiCOI  structures  have  been  obtained  by  the  Smart  Cut®  technique.  The 
process  induced  defects  and  their  electrical  activity  have  been  analysed  by  electron  paramagnetic  resonance 
(EPR)  spectroscopy,  photoluminescence  and  Hall  measurements.  The  influence  of  thermal  annealing  at 
temperatures  between  800  and  1300°C  has  been  studied.  The  1300°C  annealing  step  is  required  to  recover  the  N- 
type  conductivity,  even  though  compensating  defects  at  concentrations  of  1x10  cm*  are  still  present. 


1.  INTRODUCTION 

The  Smart  Cut®  technique  [1],  allowing 
the  separation  of  a  thin  semiconductor  layer  from 
the  substrate,  is  based  on  hydrogen  implantation  and 
wafer  bonding.  A  key  challenge  for  the  successful 
preparation  of  SiC/Si02/Si  structures  is  the  control 
of  the  electrically  active  defects  induced  by  the 
implantation  and  the  reduction  of  their 
concentration  below  the  initial  shallow  donor 
doping  level. 

The  principal  information,  about  the 
microscopic  structure  of  implantation  induced 
defects  has  been  obtained  from  positron  lifetime 
studies  which  have  evidenced  silicon  vacancy  and 
divacancy  centres  [2].  In  a  recent  DLTS  study  [3],  it 
has  been  shown  that  2  MeV  electron  irradiation  in 
N-type  SiC  layers  leads  to  the  formation  of  the  same 
defects  as  300  keV  deuterium  implantation.  These 
defects  have  been  tentatively  attributed  to 
negatively  charged  carbon  vacancies  related  defects 
(Ec-0.34eV,  Ec-0.4 leV),  carbon  vacancy  related 
(0.5  leV)  and  a  divacancy  Vc-VSi  center  (Ec- 
0.62/0.64eV)  respectively.  Mono-Vacancy  defects 
have  been  identified  recently  by  EPR  in  electron 
irradiated  SiC-6H  bulk  samples:  the  negatively 
charged  Vsi  defect  has  been  identified  in  N-type 
SiC  (electron  spin  S=3/2,  giSOtroPic  =2.0030)  [4]  and 


the  positively  charged  carbon  vacancy  Vc  has  been 
observed  in  p-type  B  doped  bulk  samples  (electron 
spin  S=l/2,  triclinic  symmetry,  gi= 1.9962, 
g2=2.0019,  g3=2.0015)[5].  Analogous  EPR  studies 
of  the  vacancy  related  defects  have  not  yet  been 
reported  for  ion  implanted  SiC.  In  one  previous 
EPR  study  of  300  keV  Ge  implanted  bulk  samples 
[6],  only  carbon  dangling  bond  centres 
(gisotroPic=2.0028)  have  been  observed  at  a  high 
concentration  (1019cm*3 ). 

We  report  here  the  results  of  an  EPR  study 
on  the  nitrogen  dopant  and  the  process  induced 
point  defects  in  transferred  N-type  SiC-6H  layers 
and  correlate  them  with  DLTS,  Hall  and 
photoluminescence  measurements. 

2.  EXPERIMENTAL  DETAILS 

N-type  SiC-6H  epitaxial  layers  were  grown 
on  bulk  SiC-6H  substrates  and  transferred  by  the 
Smart  Cut®  technique  on  Si02/Si.  The  N-type 
doping  concentration  was  varied  between  1016  and 
6xl018cm*3.  The  detailed  process  conditions  are 
given  in  ref  [1,7]  and  will  only  be  resumed  here:  the 
layers  were  implanted  at  room  temperature  with  120 
keV  hydrogen  atoms  at  a  dose  of  7xl016cm'2, 
bonded  on  Si02/Si  and  split  from  the  SiC  substrate 
by  an  anneal  at  800°C.  For  these  conditions  the 
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thickness  of  the  transferred  layer  is  5 800 A.  The 
SiCOI  structures  were  annealed  up  to  1300°C.  The 
EPR  measurements  were  performed  with  an  X-band 
spectrometer  at  room  temperature  and  in  the  4-77K 
range.  Absolute  spin  concentrations  were 
determined  with  a  calibrated  Ruby  standard  sample. 
Hall  effect  measurements  were  carried  out  in  the 
40  K-  420  K  range.  The  Van  Der  Pauw  test  patterns 
were  realised  with  a  MESA  structure.  The 
photoluminescence  spectra  were  measured  at  4K 
under  354nm  excitation. 

3.  EXPERIMENTAL  RESULTS  AND 
DISCUSSION 

After  the  transfer,  all  SiC  layers  are  found 
to  be  strongly  compensated  and  highly  resistive  at 
300K.  Even  after  1300°C  annealing,  the  resistivity 
values  are  still  in  the  range  of  106£Lcm  for  a  sample 
with  an  initial  doping  level  of  1x10  cm' 
(0.2£Lcm).  For  lower  annealing  temperatures, 
ohmic  contacts  cannot  be  realised,  preventing 
electrical  characterisation.  The  EPR  technique 
allows  a  quantitative  assessment  of  both  the 
compensating  (paramagnetic)  defects  and  the 
nitrogen  donors.  The  room  temperature  EPR 
spectrum  of  the  as  transferred  layers  is  characterised 
by  a  nearly  isotropic  line  with  a  g-factor  of 
2.0027±0.0001  and  a  linewidth  of  2G  (fig-1).  The 
volume  averaged  spin  concentration  is 
s=  lxl018cm'3.  The  g-factor  and  linewidth  of  the 
EPR  spectrum  are  very  close  to  those  of  the 
dominant  paramagnetic  centres  in  a-C,  a-C:H  [8] 
and  in  a-SiC  [9].  These  defects  are  generally 
attributed  to  carbon  dangling  bond  centres  and  we 
will  use  the  same  model  here.  Whereas  these  defects 
are  not  expected  to  exist  in  crystalline  material, 
implantation  can  generate  such  defects  in  the  ion 
track  regions  and/or  in  the  stopping  range.  Higher 
resolution  measurements  at  low  temperature  show 
however  the  EPR  spectrum  to  contain  various 
slightly  anisotropic,  non  resolved  centres,  none  of 
which  corresponds  to  the  negatively  charged  silicon 
vacancy  defect. 

The  EPR  observation  of  the  neutral 
N  donor  spectrum  requires  low  temperature 
(T<80K)  to  avoid  thermal  ionisation.  In  the 
temperature  range  (4-77K),  irrespective  of  the  N 
doping  level,  no  EPR  spectrum  of  the  neutral  N° 
donor  on  the  hexagonal  or  quasi-cubic  sites  is 


observed.  From  the  electrical  measurements  it  is 
clear  that  this  nonobservation  is  due  to  electrical 
compensation  by  acceptor  traps  with  a  global 
concentration  above  6xl018cm3;  a  passivation  of 
the  nitrogen  donors  by  hydrogen  can  be  excluded 
for  the  1300°C  annealed  layers  [7]. 


yf  1300°C 
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Figure  1.  Room  temperature  EPR  spectra 
of  the  as-transferred  and  annealed  layers 

To  reduce  the  defect  concentration, 
thermal  annealing  at  1100°C,  1200°C  and  1300°C 
were  performed.  At  each  temperature,  an  additional 
fraction  of  the  g=2.0027  paramagnetic  centres, 
observable  at  room  temperature,  is  eliminated.  After 
the  1300°C  anneal  their  spectrum  is  no  longer 
observable  at  room  temperature  (fig.  1). 

The  annealing  introduces  new 
paramagnetic  defects:  after  the  1100°C  annealing 
step,  an  electron  spin  S= 1  centre  is  observed  at  4K 
under  in  situ  optical  excitation.  The  EPR  spectrum 
is  characterised  by  an  emission  high  field  line 
typical  for  optically  populated  S=1  centres.  The 
EPR  spectrum  shows  axial  symmetry  around  the 
[0001]  axis;  its  spin  Hamiltonian  parameters  are 
g, 1=2.0020,  g  =2.0052,  |D|=187xlO'4cm'’.  Various 
spin  S=1  centres  characterised  by  D  values 
between  SSlxlO^cm'1  and  QxlO^cm'1  have  been 
reported  in  electron  and  neutron  irradiated  and  high 
temperature  annealed  SiC-6H  [5,10,11],  but  the 
spectrum  observed  here,  has  not  been  reported 
before.  Different  models  for  the  spin  1  centres  can 
be  considered.  Whereas,  the  neutral  Si  vacancy 
defect,  in  an  optically  excited  triplet  state,  could  be 
evoked  as  a  possible  defect,  the  variety  of  spin  1 
defects  observed  in  SiC-6H  is  clearly  in  favour  of 
an  associated  defect  model.  From  the  studies  on 
thermally  induced  defects  [10],  these  centres  have 
been  attributed  to  divacancy  centres  with  different 
vacancy  separations.  Within  this  model,  assuming  a 
simple  dipole  approximation  to  explain  the  D 
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values,  the  spin  1  centre  observed  in  the  1100°C 
annealed  layers  corresponds  to  an  inter-centre 
separation  of  5. 2 A.  The  second  nearest  neighbour 
distances  along  the  c-axis  for  two  carbon  (silicon) 
vacancies  depend  on  the  site  symmetry:  they  are  5.0 
and  10.0  A  for  the  two  quasi  cubic  sites  and  7.5  A 
for  the  hexagonal  site.  The  defect  should  thus  be 
assigned  to  a  nearest  neighbour  carbon-carbon  (or 
silicon-silicon)  vacancy.  This  defect  anneals  out  at 
higher  temperature  and  can  no  longer  be  observed 
after  the  1300°C  annealing  stage. 


Figure  2.  EPR  spectrum  of  the  S=  1  Centre  at  4K 

In  the  1300°C  annealed  samples  a  new 
single  line  EPR  spectrum  is  observed  (fig.  3)  under 
thermal  equilibrium  conditions  at  4K.  It  is 
characterised  by  a  spin  S=l/2  and  axial  symmetry 
along  the  c-axis  with  g//=  1.99952  and  g±=  1.99905; 
it  shows  an  angular  dependent  linewidth  with 
B//=0.62G  and  Bj=0.78G.  From  the  g-values  and 
the  absence  of  resolvable  superhyperfine  interaction 
the  spectrum  is  attributed  to  delocalised  electrons  in 
Si  clusters.  Similar  centres  have  been  previously 
observed  in  thermally  annealed  silicon  SIMOX 
layers  [12].  The  EPR  spectrum  can  be  bleached  by 
optical  excitation,  which  demonstrates  the 
electrically  active  character  of  this  centre.  The 
concentration  of  this  defect  is  estimated  to 
lxlO'W3. 


Figure  3.  EPR  spectra  at  4K  of  the  Si  cluster  related 
defect  for  two  orientations 


Whereas  the  1200°C  annealing  step  is  still 
insufficient  to  reduce  the  compensating  centres  such 
as  to  allow  the  observation  of  the  neutral  N  donor, 
its  EPR  signal  is  observed  under  thermal 
equilibrium  conditions  at  4K  in  the  highly  doped 
1300°C  annealed  samples.  A  minimum  N  doping  of 
2xl018cm'3  is  necessary  to  overcome  the  residual 
compensation  (fig.4).  For  the  [N]=3xl018cm'3 
doping  level,  the  EPR  spectra  of  the  isolated  N 
donor  on  the  quasi-cubic  sites  is  seen.  The  N  donors 
on  the  hexagonal  site  are  still  ionised  due  to  the 
electrical  compensation.  For  higher  doping  levels  of 
6xl018cm'3,  the  neutral  donor  from  all  three  sites  are 
observed  and  the  formation  of  exchange  coupled 
donor  centres  takes  place. 


Wavelangth  [Al 


Figure  4.  7K  PL  spectra  of  the  as-transferred  and 
annealed  layers.  Drcentre  is  characterised  by  the 
three  lines:Li,  L2  and  L3. 

In  the  1300°C  annealed  layers,  the  PL 
spectrum  of  the  Di  centre  is  observed  irrespective  of 
the  initial  N  doping  level  [7].  This  centre  is  known 
to  be  stable  to  at  least  1700°C  [13,14].  Whereas  it 
usually  appears  in  the  PL  spectrum  after  a  1000°C 
sample  treatment  [13],  here,  the  Drcentre  is  not 
observed  in  the  1200°C  annealed  SiCOI  structure 
(fig.  4).  It  is  probable  that  the  high  concentration  of 
deep  defects  prevents  its  observation.  These  layers 
show  nevertheless  different  broader  emission  bands 
in  the  5 200-6000 A  range,  not  assigned  to  a 
particular  defect. 

DLTS  measurements  on  6xl0I8cm'3  doped 
1300°  annealed  SiCOI  layers  show  the  presence  of 
the  Z1/Z2  centre  at  Ec-0,62/0,64  eV  [7]  which 
might  correspond  to  the  Drcenter. 

The  remaining  compensation  in  a  1300°C 
annealed  sample,  with  an  initial  doping  level  equal 
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to  3x10  cm"  has  been  evaluated  by  the  EPR  and 
Hall  effect  techniques. 
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Figure  5.  EPR  spectra  of  SiCOI  layers  annealed  at 
1300°C  for  [N]  =  4xl017,  3xl018,  6xl018cm'3 


■  Na  =  0 

•  Na  =  16,8%Nd 

•  Na  =  32,6%Nd 

■  Na  =  48,3%Nd 

f  Experimental  points 


Nd  =  3. 10' 8  cm'3 
Na  =  9,8- 1017  cm*3 
Edh  =  80  meV 
Ed  kI  k2  =  155  meV 


1000/T  [K*J 


Figure  6.  Free  electron  concentration  of  SiCOI  layer 
annealed  at  1300°C  for[N]=3xl018  cm'3 


The  analysis  of  the  EPR  spectrum  -  in 
which  only  N  donors  at  the  quasi-cubic  sites  are 
observed  (fig.5)-,  indicates  a  remaining 
compensation  equal  or  higher  than  the  nitrogen 
concentration  on  hexagonal  sites,  i.e.  typically  1/3 
of  the  total  donor  concentration  (~  lxl018cm*3). 
This  is  confirmed  by  Hall  measurements  between 
40K  and  420K  on  differently  doped  layers.  For  an 

18  -3 

initial  doping  concentration  Nd  of  3x10  cm 
donors  the  concentration  of  compensating  defects 
Na  corresponds  to  32%  of  Nd  and  for  a  sample  with 

1 8  -3 

Nd  =  1.3x10  cm  ,  we  deduce  a  Na  value  of  92%. 
Thus  the  concentration  of  the  compensating  centres 

Na  (1x10  cm  )  does  not  depend  on  the  initial 
doping  level  of  the  material.  On  the  other  hand,  the 
mobility  is  not  too  much  affected  by  the  defects. 
The  3xl018cm'3  doped  sample  shows  a  mobility  of 
80cm2. V"1. s'1. a  value  close  to  current  mobility 


values  (around  130  V^.s'1  for  this  doping  range) 
[15].  Further  recent  improvements  have  drastically 
decreased  this  compensation  below  some  lxlO16 
cm'3  (not  shown  here). 

4.  CONCLUSION 

As  transferred  SiCOI  layers  are  electrically 
compensated  and  characterised  by  a  high 
concentration  of  carbon  dangling  bond  defects.  A 
thermal  annealing  at  1300°C  leads  to  a  strong 
reduction  of  these  defects  and  a  recovery  of  the  N- 
type  character  for  layers  doped  above  2x10  cm'  . 
At  intermediate  annealing  temperatures  a  divacancy 
defect  is  observed. 
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We  report  the  physical  and  electrical  characteristics  of  the  first  tantalum  pentoxide  dielectric  films  as 
deposited  by  the  new  technique  of  low  pressure  ultraviolet-assisted  injection  liquid  source  (UVILS)  chemical 
vapour  deposition  (UVILS-CVD)  using  the  precursor  tantalum  tetraethoxy  dimethylammoethoxide 
(Ta(OEt)4(dmae)).  The  films  as  deposited  exhibit  high  leakage  currents  due  to  carbon  unpunties.  Significant 
porosity  is  found  at  deposition  temperatures  below  350°C.  Conventional  C-V  characteristics  are  exhibited  by 
thick  (200  A  to  1000  A)  as-deposited  films,  with  dielectric  constants  of  17.4  to  24. 


1.  FORMAT 

Tantalum  pentoxide  (Ta205)  is  of  interest  for  optical 
waveguiding,  sensors,  on-chip  capacitors,  as 
capacitor  insulators  in  high  density  dynamic  random 
access  memories  (DRAMs)  and  in  ultra-large-scale- 
integrated  gate  dielectrics  due  to  the  high  dielectric 
constant  (about  25).  Ta2Os  films  have  been 
previously  deposited  by  methods  including  thermal 
chemical  vapour  deposition  (CVD)  [1],  low  pressure 
CVD  [2-5],  plasma-enhanced  CVD  [6],  photo- 
induced  CVD  (photo-CVD)  [7,  8]  using  lasers  and  a 
carbon-fiee  thermal  CVD  process  [5].  Recently 
excimer  lamp  assisted  sol-gel  [9],  and  thermal 
injection  liquid  source  CVD  deposited  tantalum 
pentoxide  were  reported  [10]. 

In  this  paper  we  report  the  physical  and  electrical 
characteristics  of  the  first  tantalum  pentoxide 
dielectric  films  deposited  by  the  new  technique  of 
low  pressure  (2  to  15  mbar)  ultraviolet-assisted 
injection  liquid  source  (UVILS)  chemical  vapour 
deposition  (UVILS-CVD).  The  physical  properties 
were  studied  using  phase  modulated  spectroscopic 


ellipsometry  (SE)  ,  Fourier  transform  infrared 
spectroscopy  (FTIR)  and  dynamic  secondary  ion 
mass  spectroscopy  depth  profiling  (SIMS).  The 
electrical  properties  of  the  as-deposited  films  were 
determined  by  capacitance-voltage  (C-V),  and 
current-voltage  (I-V)  measurements,  on  Al/  Ta205/Si 
capacitor  structures. 

2.  EXPERIMENTAL 

Si(100)  wafers  (Wacker  Siltronic)  were  RCA 
cleaned  [11]  in  an  FSI  spray  post  cleaner.  UVILS- 
CVD  combines  the  intense  radiation  of  a  KrCl* 
excimer  lamp  source  (wavelength  222  ±  6  nm)  with  a 
novel  injection  liquid  source  capable  of  delivering 
precise  controllable  quantities  of  a  liquid 
metalorganic  precursor  into  the  cold-wall  CVD 
chamber,  through  a  showerhead  maintained  at 
temperatures  between  80°C  and  110°C.  The  films 
were  deposited  on  p-type  Si(100)  wafers  using 
tantalum  tetraethoxy  dimethylammoethoxide  (Ta-T- 
DMAE),  a  novel  high-volatility  tantalum  precursor, 
dissolved  in  cyclohexane. 
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The  injection  liquid  source  [10]  with  an  excimer 
lamp  photo-CVD  reactor  [9],  have  both  been 
described  elsewhere.  An  optical  power  of 
approximately  10  mW'cm'2  at  6  cm  from  the  lamp 
outer  surface  was  employed.  The  injection  liquid 
source  was  filled  with  a  15%  cyclohexane  solution  of 
tantalum  tetraethoxy  dimethylaminoethoxide 
(Ta(OEt)4(dmae)),  a  high  volatility  liquid  tantalum 
precursor  intended  for  low  temperature  deposition 
processes  recently  used  in  a  thermal  MOCVD 
process  for  tantalum  pentoxide  [12].  This  solution 
was  injected  pulsewise  into  the  reactor  under 
conditions  of  constant  drop  mass  and  pulse  rate  (1 
Hz).  An  argon  gas  flow  carried  the  precursor  through 
the  showerhead  at  1 10°C  to  the  wafer.  Nitrous  oxide 
(N20)  was  used  as  oxidising  agent. 

Infrared  absorbance  spectra  were  recorded  in 
transmission  mode  using  a  Bio-Rad  FTS-40APC 
FTIR  Spectrometer  in  the  spectral  range  400  -  4000 
cm"1,  with  the  spectrum  of  the  as-cleaned  chemically 
oxidised  control  wafer  subtracted  as  background. 
Spectroscopic  ellipsometry  was  performed  to 
measure  the  film  thickness  and  refractive  index, 
using  a  Jobin  Yvon  UVISEL™  variable  angle 
spectroscopic  ellipsometer  in  the  spectral  range  1.5 
to  5.0  eV  (wavelength  827  inn  to  248  nm)  at  70 
degrees  angle  of  incidence.  Secondary  Ion  Mass 
Spectrometry  (SIMS)  depth  profiles  were  performed 
using  a  CAMECA  IMS  3f  Ion  Microscope. 


3.  RESULTS  AND  DISCUSSION 

SIMS  depth  profiling  (Figure  1)  shows  the  presence 
of  significant  carbon  and  silicon  within  the 
unannealed  as-deposited  dielectric  layers.  The 
source  of  the  carbon  is  probably  the  precursor,  but 
the  solvent  cannot  be  ruled  out  as  a  source.  The 
presence  of  silicon  is  tentatively  either  to  tantalum 
silicide  formation  and  oxidation  during  deposition, 
or  to  diffusion  from  the  substrate  into  the  slightly 
porous  tantalum  pentoxide  film. 


by  fitting  ellipsometric  (psi,  delta)  spectra  to  an 
optical  model  in  which  a  single  dielectric  layer, 
represented  by  a  modified  expression  of  the 
amorphous  dispersion  relation  model  of  Forouhi  and 
Bloomer  [13],  is  present  on  a  Si(100)  substrate 
represented  by  the  reference  data  of  Jellison  [14]. 


Depth  (m) 


Figure  1:  SIMS  depth  profile  through  UVILS- 
CVD  tantalum  pentoxide  film.  Significant  carbon 
content  is  evident  in  the  dielectric  layer,  but 
negligible  alkali  metals  are  observed. 


The  porosity  is  indicated  by  refractive  index 
measurements  (to  a  precision  of  ±  0.02  at  633  nm 
wavelength  (1.96  eV  photon  energy))  of  significantly 
less  than  the  values  of  2.2  or  greater  which  are 
characteristic  of  densified  (annealed)  tantalum 
pentoxide.  The  refractive  index  values  were  derived 


Figure  2  shows  the  relationship  of  refractive  index  to 
the  substrate  temperature  during  deposition.  Lower 
refractive  index  is  an  indication  of  porosity  in  the  as- 
deposited  material.  The  dependence  of  refractive 
index  on  other  process  parameters  at  350°C 
substrate  temperature  is  much  less  pronounced,  and 


285 


M.  Mooney  et  al.  /  Microelectronic  Engineering  48  ( 1999)  283-286 


not  fully  understood.  The  mean  refractive  index  of 
films  deposited  at  350°C  under  a  variety  of  other 
process  conditions  was  2.09,  with  a  spread  of  ±  0.07. 
The  highest  refractive  index  observed  in  the 
unannealed  films  was  2.16. 


Breakdown  fields  higher  than  2  MV/cm,  dielectric 
constants  of  17.4  to  24  and  fixed  oxide  charge  values 
of  <  5  x  1010  cm*2  have  been  obtained  in  the  as- 
deposited  films.  Conventional  C-V  behaviour  was 
observed  (Figure  4)  for  the  as-deposited  films. 


Substrate  Temperature  (deg.  C) 

Figure  2  Refractive  index  of  UVILS-CVD 
tantalum  pentoxide  films  as  a  function  of 
substrate  temperature  during  deposition. 

It  is  found  that  the  precursor  bears  sufficient  oxygen 
to  deposit  a  tantalum  pentoxide  layer  in  the  absence 
of  an  oxidising  gas  flow,  although  the  suboxide 
content  indicated  by  FTIR  spectra  decreases  on 
depositing  the  layer  in  a  nitrous  oxide  flow  (Figure 
3). 
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Figure  3  Ratio  of  the  area  under  the  Ta=0  peak 
to  that  under  the  Ta-O  and  Ta-O-Ta 
peak/shoulder  in  infrared  absorption  spectra  of 
tantalum  pentoxide  layers  as-deposited  by 
UVILS-CVD,  as  a  function  of  the  nitrous  oxide 
flow.  Refractive  index  also  shown. 


Voltage  [V] 

Figure  4  High  frequency  (100  kHz)  CV 
characteristics  of  an  aluminium  -  UVILS-CVD 
tantalum  pentoxide  -  silicon  test  capacitor.  Note 
the  flat  band  voltage  offset  of  0.9  eV  as  a  result  of 
the  Al  gate  to  p-type  Si  workfunction  difference. 

The  leakage  current  densities  exhibited  by  the 
unannealed  Ta205  films  (Figure  5)  are  comparable  to 
results  presented  in  other  works  [2,3]  for  unannealed 
films  and  metal-organic  precursors  (typically  J  =  10‘3 
to  10"1  A.cm*2  at  E  =  1  MV.cm*1  where  E  is  the  real 
electric  field  across  the  dielectric). 

Preliminary  work  on  post  deposition  annealing  (both 
furnace  annealing  at  780°C  and  ultraviolet  assisted 
400°C  with  oxidising  gas)  has  reduced  the  leakage 
currents  by  several  orders  of  magnitude,  but  also 
reduces  the  dielectric  constant  (typically  to  10-12). 
The  refractive  index  of  annealed  films  has  been 
found  to  exceed  2.2.  Nevertheless,  effective  silicon 
dioxide  thicknesses  approaching  60  A  have  now 
been  achieved  with  layers  deposited  using  the 
UVILS-CVD  method.  This  new  technique  offers 
significant  potential  for  low  temperature  thin 
dielectric  film  preparation  applied  to  ultra-large- 
scale-integrated  devices. 


286 


M.  Mooney  et  al.  /  Microelectronic  Engineering  48  (1999)  283-286 


5  io 6  2.5io6  Eeff[V/cm] 


Figure  5  Current  density  versus  electric  field.  The 
top  y-axis  is  the  effective  electric  field  E  eff  (i.e., 
applied  voltage  divided  by  the  equivalent 
thickness  of  Si02). 

4.  CONCLUSIONS 

Tantalum  pentoxide  dielectric  films  have  been 
deposited  by  the  new  technique  of  low  pressure 
ultraviolet-assisted  injection  liquid  source  (UVILS) 
chemical  vapour  deposition  (UVTLS-CVD)  using  the 
tantalum  tetraethoxy  dimethylaminoethoxide 
(Ta(OEt)4(dmae))  precursor.  Conventional  C-V 
characteristics  are  exhibited  by  thick  (200  A  to  1000 
A)  as-deposited  films,  with  dielectric  constants  of 
17.4  to  24.  The  films  as  deposited  exhibit  high 
leakage  currents  due  to  carbon  impurities,  which 
preliminary  annealing  studies  show  can  be  improved 
by  several  orders  of  magnitude,  but  at  the  cost  of  a 
lower  effective  dielectric  constant.  Significant 
porosity  is  found  at  deposition  temperatures  below 
350°C. 
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We  have  used  Medium  Energy  Ion  Scattering  (MEIS)  and  other  techniques  to  investigate  the  structure  and 
formation  mechanisms  of  ultrathin  (less  than  10  nm)  layers  of  Ta2Os  on  Si.  We  find  that  a  compositionally 
graded  oxide  with  <  2  nm  effective  thickness  can  be  formed.  The  film  degenerates  at  high  annealing 
temperatures  both  by  roughening  at  the  outer  surface,  and  reacting  at  the  interface,  but  a  buffer  layer  of  Si3N4 
can  prevent  the  latter  effect  to  a  certain  extent.  Introducing  a  TiN/Ti  layer  between  Ta205  and  Si  (which  may  be 
desirable  for  DRAM  applications)  has  an  adverse  effect  on  the  thermal  stability  of  the  Ta205  overlayer  due  to 
migration  and  subsequent  reaction  of  oxygen  with  titanium. 


1.  INTRODUCTION 

As  the  dimensions  of  microelectronic  devices  are 
scaled  down,  the  high  electron  tunneling  rates  in 
ultrathin  gate  oxides  is  becoming  an  increasingly 
critical  problem.  The  materials  properties  of 
alternative  higher-K  dielectrics  are  therefore 
attracting  increasing  attention.  Metal-oxides  with 
high  dielectric  constants  have  the  potential  to  extend 
scaling  of  transistor  gate  capacitance  beyond  that  of 
silicon  dioxide.  Ta205,  Ti02  ,  Zr02,  Hf02  and  A1203 
are  some  of  the  materials  that  are  under  active 
consideration  in  different  laboratories,  and  are  now 
attracting  the  attention  of  the  device  community  [1- 
8].  These  materials  offer  dielectric  constants 
approximately  an  order  of  magnitude  higher  than 
that  of  Si02. 

Another  area  where  high-K  materials  will 
become  of  use  is  as  dielectric  films  in  cell  capacitors 
of  dynamic  random  access  memory  (DRAM).  There, 
polysilicon  has  been  used  as  a  storage  electrode, 
forming  a  capacitor  with  a  metal -insulator-silicon 
(MIS)  structure.  The  use  of  a  metal  for  the  storage 
electrode  has  been  proposed  to  eliminate  interfacial 
oxide  growth.  Structures  such  as  W/Ta205/W  [9, 


10],  TiN/Ta205AV  [11],  and  TiN/Ta2Os/Ru  [12] 
have  been  studied,  and  in  some  cases  have  shown 
beneficial  properties. 

Problems  that  may  prevent  the  use  of  metal 
oxides  on  Si  are  excessive  electrical  defects,  metal 
silicide  formation  or  the  formation  of  interfacial 
Si02.  Indeed,  as  simple  equilibrium  thermodynamics 
dictates  [13],  the  deposition  of  Ta205  on  silicon 
results  in  the  formation  of  Si02.  An  interfacial  Si02 
layer  as  thin  as  2  nm  is  enough  to  negate  the  benefits 
of  the  high-K  material  in  gate  applications  [14], 

We  have  used  Medium  Energy  Ion  Scattering 
(MEIS),  Temperature  Programmed  Desorption 
(TPD)  and  other  surface  and  interface  sensitive 
spectroscopies  to  investigate  the  structure  and 
formation  mechanisms  of  ultrathin  layers  of  Ta2Os 
on  Si.  Below,  we  summarize  some  of  our  recent 
results  on  Ta205  films  on  Si  [15]  and  provide  a  first 
report  on  our  work  on  such  films  with  TiN/Ti  layers; 
more  extensive  discussions  can  be  found  elsewhere. 

2.  EXPERIMENTAL 

MEIS  can  be  thought  of  as  a  high-resolution, 
low-energy  version  of  conventional  Rutherford 
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backscattering  (RBS).  Instead  of  operating  at  MeV 
energies,  MEIS  experiments  are  performed  in  the 
100  keV  range  [16].  The  lower  energy  allows  the 
use  of  higher  resolving  power  ion  detection 
equipment,  in  our  case  an  electrostatic  ion  energy 
analyzer.  An  additional  benefit  is  that  the  ion  energy 
loss  per  unit  distance  traveled  (the  stopping  power) 
has  its  maximum  in  this  range. 

Depth  distributions  of  the  target  elements  are 
obtained  by  performing  a  simple  computer 
simulation  of  the  backscattered  ion  energy 
distributions  [17].  In  this  way,  it  is  possible  to 
measure  quantitative  depth  profiles  for  different 
species  with  a  resolution  as  high  as  3  -  5  A  in  the 
near  surface  region.  (Due  to  the  statistical  nature  of 
the  ion-solid  interaction  (“ion  straggling”),  the  depth 
resolution  becomes  less  good  for  deeper  lying 
layers.)  An  advantage  relative  to  certain  other 
profiling  methods  is  that  MEIS  does  not  rely  on 
back-etching  or  sputtering  of  the  sample.  By  using  a 
low  ion  dose  and  averaging  over  several  sample 
spots,  one  can  avoid  distortion  of  the  data  due  to  ion 
beam  induced  damage.  One  should  keep  in  mind 
that  the  data  obtained  represent  (incoherent) 
averages  over  the  entire  sampled  target  area,  so  it  is 
difficult  to  distinguish  between  a  large  scale 
compositional  gradient  and  an  atomic  scale 
variation,  such  as  interface  roughness. 

Prior  to  deposition,  the  silicon  surfaces  were 
cleaned  to  remove  any  native  oxide  material.  For 
some  samples,  Ti  and  TiN  were  deposited  by 
sputtering  a  titanium  target  at  a  substrate 
temperature  of  300  °C.  The  tantalum  pentoxide  films 
were  deposited  by  chemical  vapor  deposition  at 
temperatures  less  than  400  °C. 

3.  RESULTS 

3.1.  Ta205  on  Si(100) 

In  Fig.  1  we  show  a  typical  MEIS  spectrum  from 
a  -70  A  film  of  Ta205  on  Si(100).  We  observe 
clearly  resolved  peaks  from  Ta,  Si  and  O.  After 
annealing  to  800  °C,  the  amount  of  interfacial  Si 
increases  and  the  film  becomes  denser,  indicated  by 
a  narrower  and  higher  Ta  peak.  Our  TPD  data 
showed  H20  and  CxHyOz  desorption  consistent  with 
the  formation  of  a  denser  film. 

From  these  data,  we  extract  depth  profiles, 
shown  in  Fig.  2.  The  transition  between  the  silicon 
and  the  tantalum  oxide  is  not  abrupt  and  that 
tantalum  extends  ~  1 .5  nm  into  the  interfacial 
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Fig.  1  MEIS  spectra  of  the  as-deposited  (Thick  line) 
and  800  °C  annealed  (thin  line)  Ta205  film  on  Si. 

region.  According  to  TEM  data,  film  thickness  non¬ 
uniformity  is  too  small  to  account  for  this  at  our 
growth  temperatures.  Our  results,  further  supported 
by  other  data,  imply  that  the  majority  of  the 
interfacial  region  is  not  pure  SiOx  but  a  Si-Ta-0 
mixture.  The  dielectric  constant  is  significantly 
higher  than  that  of  pure  Si02.  We  note  in  passing 
also,  as  have  others  earlier  [18],  that  up  to  a 
monolayer  of  Si  is  observed  at  the  outer  surface  of 
the  as  deposited  Ta205  film. 


Depth  (A) 


Fig.  2  Depth  profiles  (as-deposited:  thick  lines)  of  Ta, 
Si,  and  O  from  the  data  in  Fig.  1 . 

Annealing  changes  the  near-interfacial 
composition  substantially.  When  post  anneal 
temperatures  are  kept  low,  stable  composite  oxide 
structures  (with  physical  thickness  greater  than  7 
nm)  can  be  obtained  that  demonstrate  good  electrical 
properties  and  an  effective  Si02  thickness  of  less 
than  2  nm.  The  capacitance  is  much  lower  after  a 
rapid  thermal  anneal  to  800  °C  due  to  the  growth  of 
the  interfacial  region.  MEIS  depth  profiles  (Fig.  2) 
show  that  the  interfacial  SiOx  region  becomes 
thicker,  while  the  width  of  the  tantalum  distribution 
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actually  narrows  for  a  sample  annealed  in  UHV  at 
the  same  temperature.  Annealing  to  550  °C  is 
enough  to  grow  the  interfacial  region,  an 
unexpectedly  low  temperature.  The  Ta205  film  is 
reduced  by  reacting  with  the  interfacial  Si  above  800 
°C.  Above  900  °C,  there  is  substantial  oxygen  loss 
(Ta205  reduction),  which  probably  results  from  SiO 
desorption,  since  some  silicon  always  exist  on  the 
surface  of  the  sample  (but  not  in  the  middle  of  the 
Ta205  film).  This  indicates  that  silicon  diffusion  in 
Ta205  can  occur  even  below  900  °C.  (SiO 
desorption  is  known  to  decompose  the  Si02  films 
below  this  temperature.)  The  concentrations  of  Ta, 
Si  and  O  in  the  interface  region  show  a  non¬ 
monotonic  dependence  on  temperature, 
demonstrating  that  several  different  reactions  occur. 
At  930  °C  annealing  temperature,  2/3  of  the  oxygen 
has  left  the  film.  There  is  substantial  Si  diffusion 
into  the  Ta205  region,  and  Ta  diffusion  into  the  Si. 
The  film  eventually  is  destroyed  at  high 
temperatures,  and  fairly  complete  intermixing 
occurs.  Significant  roughening  is  also  observed 
using  TEM  and  AFM. 


Fig.  3  Depth  profiles  before  and  after  annealing  a 
Ta205/Si3N4/Si  structure. 


With  a  ~  2.0  nm  Si3N4  buffer  layer,  the 
interfacial  region  does  not  grow  (no  increase  in  the 
interfacial  Si)  when  annealed  to  800  °C  (Fig.  3). 
Above  900  °C,  reduction  of  the  Ta2Os  film  occurs 
and  Ta02  can  be  formed  after  annealing  to  970  °C. 
While  some  SiO  desorption  may  occur,  a  substantial 
cause  of  this  depletion  is  oxygen  diffusion  to  the 
silicon  substrate,  forming  silicon  oxide  (depth 
profiles  not  shown).  However,  the  breakdown  of  the 
film  is  significantly  less  drastic,  and  there  is,  at  a 
given  temperature,  less  oxygen  loss. 


3.2.  Memory  cell  structures 


We  have  also  studied  the  thermal  stability  of 
Ta205/TiN/Ti/Si-type  structures,  a  candidate  class  of 
systems  for  use  in  DRAMs.  The  purpose  of  the  Ti 
layer  is  to  serve  as  an  ohmic  contact,  while  the  TiN 
acts  as  a  buffer  layer,  as  it  is  thermodynamically 
stable  in  contact  with  Ta2C>5  [19].  Figure  4  shows 
MEIS  depth  profiles  for  such  a  sample.  The 
interfacial  region  is  considerably  thicker  than  for  the 
Ta205/Si  case,  partly  due  to  a  rougher  starting  TiN 
surface.  Most  of  the  oxygen,  however,  disappears 
from  the  Ta205  layer  after  vacuum  annealing  at  500 
°C  with  the  decrease  in  the  O/Ta  ratio  beginning 
already  at  450  °C.  TDS  results  show  no  evidence  for 
release  of  oxygen  outside  the  sample  in  the  form  of 
02  gas.  For  comparison,  we  have  also  studied  a 
Ta20s/TiN/Si02/Si  sample,  and  found  that  oxygen 
does  not  disappear  even  at  800  °C.  These  results 
suggest  that  disappearance  of  oxygen  from  the 
Ta205  layer  occurs  only  in  the  presence  of  the  Ti 
layer.  TEM  and  XPS  sputter  depth  profiling 
experiments  show  directly  an  interfacial  layer 
containing  oxygen  between  the  TiN  and  Ti  layers 
[20].  All  of  these  results  then  support  the  idea  of 
oxygen  migration  through  the  TiN  layer.  The  driving 
force  for  the  oxygen  migration  is  clearly  the 
thermodynamics  between  Ta205  and  Ti.  A 
postulated  coupled  oxidation  /  reduction  reaction 
between  Ta205  and  Ti  of  the  type 

Ta205  +  5/x  Ti  — >  2  Ta  +  5/x  TiOx 

is  strongly  exothermic.  There  is  thus  a  strong 
thermodynamic  driving  force  to  reduce  Ta205.  What 
may  be  surprising  is  that  the  reduction  actually 
occurs  through  a  thick  TiN  layer  (100  nm)  and  at 
such  a  low  temperature  (450  °C).  One  can  speculate 
about  the  reasons  for  the  ease  of  oxygen  diffusion 
through  the  TiN  layer.  It  is  known  that  TiN  films 
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form  columnar  grain  structures  [21].  Enhanced 
oxygen  diffusion  may  occur  through  the  grain 
boundaries.  Additionally,  the  TiN  films  in  the 
present  study  are  non-stoichiometric  with  excess 
nitrogen.  The  low  density  in  this  layer  [22]  may  also 
enhance  the  oxygen  diffusion.  It  is  also  possible  that 
the  hydrogen  originating  from  the  Ti  layer  may  help 
the  diffusion  of  oxygen  through  the  TiN  layer.  This 
argument  is  supported  by  the  fact  that  Ta205 
reduction  ceases  after  H2  desorbs. 

We  also  note  that  the  N/Ti  ratio  in  the  MEIS 
depth  profile  near  the  outer  surface  of  the  TiN  layer 
increases  further  after  annealing  for  both  of  these 
samples.  To  better  understand  this  behavior,  we 
have  performed  TPD  experiments  on  samples  of  the 
type  Ta205/TiN/Si  and  TiN/Si,  which  are  identical 
except  for  the  Ta205  overlayer.  Two  peaks  of  N2 
desorption  (around  500  °C  and  above  800  °C)  are 
observed  for  the  latter  sample,  while  only  one  targe 
N2  desorption  peak  above  900  °C  is  found  for  the 
former.  We  infer  that  molecular  nitrogen  is 
generated  from  the  bulk  of  the  TiN  layer  and  is 
confined  near  the  Ta205/TiN  interface  at  a  moderate 
temperature  (below  900  °C)  when  a  Ta2Os  overlayer 
is  present. 

4.  CONCLUSIONS 

We  find  that,  when  Ta2Os  is  deposited  on  Si,  a 
compositionally  graded  oxide  with  beneficial 
electrical  properties  can  be  formed.  This  film  breaks 
up  at  high  annealing  temperatures  due  to 
interdiffusion  and  recrystallization  induced 
roughening.  Introducing  a  buffer  layer  of  Si3N4  can 
to  a  certain  extent  prevent  the  interdiffusion.  The 
reduction  of  Ta205  during  annealing  in  Ti  containing 
structures  is  correlated  with  migration  of  oxygen 
from  Ta205  through  TiN  and  reaction  with  Ti  at  the 
TiN/Ti  interface.  MEIS  and  TDS  results  also 
indicate  a  pileup  of  molecular  nitrogen  near  the 
Ta205/TiN  interface  for  as-deposited  TiN  films  with 
excess  nitrogen.  All  of  the  results  are  consistent  with 
known  thermodynamics. 
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This  paper  identifies  three  aspects  of  the  chemical  bonding  at  Si-dielectric  interfaces  that  play  crucial  roles  in  the 
implementation  of  alternative  gate  dielectrics  for  advanced  CMOS  Si  devices:  i)  the  character  of  the  interface 
bonds,  either  isovalent  with  bond  and  nuclear  charge  balanced  as  in  Si-Si02,  or  heterovalent,  with  an  inherent 
mismatch  between  bond  and  nuclear  charge,  ii)  physical  bonding  constraints  related  to  the  average  number  of 
bonds/atom,  Nav,  and  iii)  reduced  conduction  band  offset  energies  that  are  result  because  of  increased  ionic 
bonding  and  d-state  derived  conduction  bands  in  transition  metal  oxides. 


1.  INTRODUCTION 

As  in-plane  device  dimensions  are  scaled  to  <100 
nm,  there  must  also  be  decreases  in  the  oxide- 
equivalent  thickness  of  dielectrics,  tox-eq,  to  <2  nm. 
Direct  tunneling  current  increases  exponentially 
with  decreasing  thickness  thereby  setting  a 
limitation  for  using  Si02  as  a  gate  dielectric.  A 
practical  limiting  thickness  for  Si02  is  tox-eq  ~1.6 
to  1.7  nm,  where  the  direct  tunneling  current  density 
reaches  about  1  A-cnr2  at  a  bias  of  1  V.  A 
proposed  solution  is  to  increase  physical  thickness  to 
reduce  tunneling  by  using  alternative  insulators  such 
as  transition  metal  oxides  with  dielectric  constants 
higher  than  Si02  to  reduce  toX-eq.  This  raises  three 
interface  chemical  bonding  issues:  i)  the  balance 
between  electron  and  nuclear  charge  [1],  ii)  physical 
bonding  constraints  related  average  interfacial 
coordination,  Nav  [2],  and  iii)  reduced  band  offsets 
arising  from  d-state  conduction  bands  [3]. 

2.  CHEMICAL  BONDING  CONSTRAINTS 

2.1  Charge  balance  in  interface  bonding 
The  bonding  between  Si  surface  atoms  and  O- 
atoms  in  Si02  at  Si-Si02  interfaces  is  isovalent  as 
defined  in  Ref.  1 .  Interface  bonds  are  partially-ionic 
(-50%),  two-electron  pair  bonds  in  which  one  of  the 
electrons  comes  from  interfacial  Si-atoms,  and  the 
other  from  O-atoms  of  the  Si02  network.  Electrons 
in  these  bonds  are  exactly  balanced  by  positive 
charge  on  the  respective  Si-  and  O-nuclei.  Similar 
considerations  apply  to  bonding  of  interfacial  N- 
atoms.  However,  because  the  transition  metal  (T-M) 
oxides  are  significantly  more  ionic  than  SiC>2,  the 
bonding  between  Si  and  these  proposed  alternative 


dielectrics  will  not  involve  partially  covalent  two 
electron  pair  bonds. 

Moreover,  the  bonding  coordination  in  non¬ 
crystalline  T-M  oxides  such  as  Ta2C>5  is  not  well 
characterized;  Raman  measurements  indicate  that  Ta 
atoms  are  six-fold  coordinated  so  that  Ta-0  bonds 
have  considerable  ionic  character  [4].  This  suggests 
that  interface  bonding  may  require  formation  of  Si- 
Ta  bonds  to  balance  nuclear  and  bond  charge. 
These  aspects  of  interface  bonding  are  not  easily 
resolved  due  to  interfacial  Si-Si02  bonding  and 
Ta205-Si02  alloying  [5,6],  which  occur  during 
thermal  CVD  deposition,  or  during  the  post 
deposition  oxidizing  anneals  needed  to  fully  oxidize 
deposited  dielectrics. 

However,  the  interfacial  bonding  at  interfaces 
between  Si  and  group  IV(Ti,  Zr,  and  Hf)  T-M  oxide- 
Si02  alloy  or  silicate  compounds  can  be  by 
isovalent  two-electron  pair  bonds  for  low  alloy  atom 
concentrations  of  Ti,  and  for  Zr(Hf)C>2-Si02  alloys 
with  Zr(Hf)  compositions  up  to  the  respective 
compound  silicate  compositions.  These  are  regimes 
in  which  interface  bonding  can  be  through  Si-O-Si 
bonding  groups.  The  limitation  on  the  Ti-content  in 
the  Ti02-SiC>2  alloy  system  is  associated  with 
bonding  interactions  between  neighbor  Ti-O  bonds 
that  promote  formation  of  a  second  phase,  e.g.,  c- 
Ti02,  in  which  the  coordination  of  Ti  is  increased  to 
six  and  the  O  coordination  to  three. 

The  interfacial  bonding  between  Si  and  AI2O3 
can  be  based  two  electron  pair  bonds,  but  this 
interface  requires  additional  charged  bonding 
arrangements  to  balance  the  more  ionic  bonding  of 
AI2O3  [7]  The  atomic  structure  of  non-crystalline 
AI2O3  dielectrics  has  two  charged  bonding 
components  in  a  3:1  ratio:  three  tetrahedral 
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[A104/2]"  groups  that  form  a  covalently-bonded 
network  for  each  Al+3  ion  that  occupies  an 
approximately  octahedral  network  modifier  site 
within  that  network.  As  in  the  group  IV  T-M  oxides, 
interfacial  Si-SiC>2  bonding,  and/or  interfacial  mixed 
oxide  Al203-SiC>2  bonding  are  also  likely  to  occur 
in  thermal  CVD  deposition,  or  during  post 
deposition  anneals.  Bonding  at  internal  Al2C>3-Si02 
interfaces  or  within  Al203-SiC>2  alloys  will  be 
isovalent,  with  neutral  [SiC>4/2]0  and  charged 
[AIO4/2]'  groups  forming  interface  bonds  analogous 
to  [Si04/2]°-[A104/2]“  bonding  in  zeolites,  with 
charge  compensation  at  interfaces  and  in  alloys  by 
the  interstitial  Al+3  ions. 

Based  on  charge  balance  alone,  interfacial  Si- 
SiC>2  or  nitrided  Si-Si(>2  may  be  be  required  for  use 
with  i)  transition  metal  oxides  such  as  Ta205,  iii) 
AI2O3  and  additionally  iii)  other  group  III  oxides 
such  as  Y2O3  and/or  Y203-Si02  alloys. 

2.2  Physical  bonding  constraints 

Constraint  theory  is  based  on  the  idea  that  the 
bonding  forces  in  a  covalently  bonded  network  can 
be  arranged  in  a  hierarchy  from  strong  to  weak  [8- 
12].  The  constraining  effects  of  these  forces  are  a 
linear  function  of  the  average  coordination  number, 
Nay  The  optimal  average  coordination  number, 
Nav*,  that  matches  constraints  to  degrees  of 
freedom  is  2.4  as  in  As2S(Se)3,  however,  for  SiC>2, 
Nav*  =  2.67  is  optimal  because  bending  forces  at  O 
atoms  are  too  weak  to  function  as  significant 
constraints  at  growth  or  annealing  temperatures  [8- 
11].  For  over-constrained  networks  such  as  Si3N4 
(Nav  =  3.43),  Si-atom  stretching  constraints  are 
stronger  than  bending  constraints  and  strain  energy 
accumulates  along  the  bending  constraints.  The 
average  bond  angle  is  distorted  from  the  local 
value  by  an  amount  00  ^Nav*  -  Nav  - 
Nay*-  Since  total  strain  energy  is  proportional  to 
(58)2  [12],  defect  creation  will  be  proportional  to 

{Nav -Nav*}2.  . 

A  model  for  the  extension  of  constraint  theory 
to  crystalline-Si  dielectric-interfaces  is  illustrated  in 
Fig.  1  and  identifies  three  interfacial  contributions  to 
Nav:  i)  the  Si  substrate  atoms,  ii)  an  ultrathin  oxide 
or  nitride  interfacial  layer,  and  iii)  the  bulk  dielectric 
[2,11].  Experiments  performed  on  Si-Si3N4,  Si- 
Si3N4-Si02  and  Si-Si02-Si3N4  stacks  have 
demonstrated  that  N defect  ~  (Nav  '  Nav*}2>  where 
Nav*  is  the  average  coordination  for  an  ideal  Si- 
SiC>2  interface  (see  Fig.  2)  [4],  and  Nav  ~  3 
separates  device  quality  from  defective  interfaces. 
The  model  confirms  that  Si-SiC>2  interfaces  are 
device-quality  (Nav~2.8),  whereas  Si-Si3N4 


interfaces  are  not  (Nav~3.5)  [13].  The  calculations 
demonstrate  that  interposition  of  ultrathin  SiC>2 
layers  between  Si  and  Si3N4  results  in  values  of  Nav 
<  3,  whereas  interposition  of  ultrathin  Si3N4  layers 
between  Si  and  SiC>2  results  in  Nav  >  3  (see  Table 
I). 

Table  I  includes  calculated  values  of  Nav  for  the 
interfaces  discussed  above,  as  well  as  interfaces  with 
emerging  high-K  candidate  materials  such  as  TiC>2, 
Ta205  and  AI2O3.  Nav  values  for  SiC>2-group  IV 
T-M  oxide  alloys  and  compounds  are  not  inherently 
over  constrained;  however,  Si-SiC>2  interfacial 
regions  may  be  a  natural  consequence  of  the 
deposition  and/or  processing  used  for  forming  these 
dielectrics. 


alternative 
gate  dielectric 


0.5  molecular  layer 

Si02  interface 
layer  -  0.5  nm 

0.5  molecular  layer 

Si  substrate 

Figure  1.  Interface  bonding  constraint  model 


Figure  2.  Defect  scaling  for  Si-dielectric  interfaces 
2.3  Band  offset  energies 

The  valence  and  conduction  band  offset  energies 
for  Si  with  respect  to  both  SiC>2  and  Si3N4  are 
positive  and  each  energy  is  greater  than  2  eV;  e.g., 
the  Si-SiC>2  conduction  band  offset  is  ~3.1  eV  and 
the  Si-Si3N4  is  ~2.1  eV  [14].  The  conduction  band 
offset  energies  between  Si  and  elemental  and  binary 
T-M  oxides  are  expected  to  be  less  because  of  two 
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Table  I  Interfacial  bonding  coordination,  Nav 


Interface 

Nav 

Device-quality  interfaces 

Si-Si02 

2.8 

Si-N-Si02 

2.8 

Si-SiO2(0.5  nm)-Si3N4 

3.0 

Defective  interfaces 

Si-Si3N4 

3.5 

Si-Si3N4(0.4nm)-SiO2 

3.3 

Alternative-dielectric  interfaces 

Si-Ti02(Nav  =  4) 

4.0 

Si-Ta205  (Nav  =  3.4) 

3.5 

Si-Al203(Nav  -  3.6) 

3.6 

contributing  factors:  i)  increased  ionic  bonding 
which  moves  the  valence  band  to  lower  energies 
than  in  SiC>2,  and  ii)  reduced  band-gaps  due  to  the 
lowest  conduction  band  states  being  derived  from 
unoccupied  d-states,  rather  than  s-states  of  the 
transition  metals  [3].  This  is  shown  schematically  in 
Fig.  3.  Based  on  the  calculations  of  Ref.  2,  as  well 
as  much  of  the  discussion  of  sections  2. 1  and  2.2,  it 
will  be  necessary  to  bridge  the  crystalline  Si 
substrate  and  T-M  oxide  dielectrics,  with  thin  (~  0.5 
nm)  nitrided  Si02  interface  layers  (see  Fig.  3). 
Based  on  comparisons  between  Si-Al  and  Si-SiC>2- 
A1  interfacial  electronic  structures,  the  insertion  of 
SiC>2  interface  layers  should  promote  an  increase  in 


Si -3s 


In  addition  to  the  T-M  oxides,  other  studies  have 
addressed  non-transition  metal  oxides.  In  contrast  to 
interfaces  involving  the  group  IV  and  group  V  T-M 
oxides,  the  band  offset  energies  at  SKAI2O3 
interfaces  are  expected  to  be  comparable  to  those  at 
Si-SiC>2  interfaces  because  the  valence  and  con¬ 
duction  band  states  of  AI2O3  derived  from  re¬ 
spectively  from  O-atom  2p  states  and  Al-atom  3  s 
states.  However,  the  conduction  band  offset  energies 
at  Si-Y203  interfaces  are  expected  to  be  reduced  be¬ 
cause,  as  in  the  group  IV  T-M  oxides,  the  con¬ 
duction  band  states  are  derived  from  Y-atom  d- 
states,  which  are  lower  than  the  atomic  s-states  of 
the  Y-atoms. 

Finally,  the  band  offset  energies  for  Si-Si02-(T- 
M  oxide-Si02  alloy)  heterostructures  will  depend  on 
alloy  composition  as  well  as  the  bonding 
coordination  of  the  T-M  atoms.  To  a  zeroth  order 
approximation,  the  bandgaps  of  the  these  alloys  are 
expected  to  scale  linearly  between  the  end  member 
values.  This  is  expected  because  the  four-fold 
coordinated  Si  atoms  sp3  can  mix  with  the  T-M  d- 
states  to  form  the  conduction  band.  This  would 
predict  band-gaps  of  at  least  6-7  eV  for  the 
compound  silicates,  ZrSiC>4  and  HfSiC>4,  with 
conduction  and  valence  band  offset  energies  of 
approximately  2  eV. 


Figure  3.  (a)  Band  gaps  in  Si02  and  a  representative 
transition  metal  oxide,  (b)  Band  offset  energies  in 
Si-SiC>2-Ta205  stacked  dielectric  heterostructures. 

conduction  band  offset  energies  from  those 
calculated  in  Ref.  3.  Taking  this  into  account  the 
effective  offset  between  Si  and  Ta2C>5,  with  an  SiC>2 
interface  layer  is  still  expected  to  be  ~  leV,  and  in  a 
range  where  leakage  current  may  still  involve  Poole- 
Frenkel  transport  through  Ta2C>5  films  [15], 


Figure  4.  Potential  profiles  at  abrupt  and  graded 
interfaces 

3.  DISCUSSION 

Based  on  considerations  of  i)  electron/nuclear 
charge  balance,  ii)  physical  bonding  constraints,  and 
iii)  estimates  of  band  offset  energies,  three  different 
classes  of  alternative  dielectric  structures  have  been 
identified:  (a)  group  III  and  V  T-M  oxides,  (b)  group 
IV  T-M  oxide  alloys  and  silicate  compounds,  and  (c) 
non-T-M  oxides,  e.g.,  AI2O3  [16]. 


294 


G.  Lucovsky,  J.  Phillips  l  Microelectronic  Engineering  48  (1999)  291-294 


Consider  first  group  V  T-M  oxides.  Figure  4 
includes  two  different  types  of  heterostructures  with 
(a)  an  abrupt  interface  between  the  SiC>2  and  Ta2C>5 
layers,  and  (b)  a  graded  interface  between  the  SiC>2 
and  Ta205  layers.  The  structure  in  (a)  is  more 
effective  in  reducing  t0Xjeq  an^  increasing 
capacitance,  whereas  the  structure  in  (b)  is  more 
effective  in  reducing  i)  direct  tunneling  and  ii)  any 
temperature  dependent  contributions  to  that  leakage 
current  that  involve  hopping  transport  (e.g.  Poole- 
Frenkel  mechanism).  [15].  Comparing  experimental 
results  for  devices  with  Ta2C>5  suggests  that  the 
devices  of  Ref.  5  which  have  a  temperature 
independent  leakage  current  may  have  a  band 
diagram  corresponding  to  (b),  and  those  that  display 
a  temperature  dependent  leakage  current  in  Ref.  16 
may  have  a  band  diagram  corresponding  to  (a). 
Clearly  additional  characterizations  of  these  devices 
are  needed  to  confirm  this  proposed  explanation  for 
the  different  leakage  current  results. 

Since  band  offset  energies  in  AI2O3,  and  other 
non-T-M  oxides,  are  expected  to  be  comparable  to 
those  in  SiC>2,  the  band  offset  energy  profiles  are 
expected  to  similar  to  those  in  Si-Si02  structures. 
Neglecting  the  more  ionic  bonding,  tunneling  would 
be  the  dominant  leakage  mechanism;  however  it 
more  likely  that  the  transport  will  be  modified  by  the 
presence  of  the  charged  species,  particularly  the 
A1+3  interstitials  which  may  act  as  trapping  states  in 
a  two  step  tunneling  process,  or  transport  states  in  a 
hopping  conduction,  depending  on  their  electronic 
energies  relative  to  Si  [16]. 

Si-SiC>2-group  IV  TM  oxide  alloys  are  expected 
to  have  band  structures  intermediate  between  Si- 
Si02  and  the  abrupt  interfaces  in  Fig.  4(a).  As  such 
they  represent  a  compromise  between  promoting 
reduced  tunneling  and  increased  capacitance.  Based 
on  two  assumptions  which  must  be  bom  out  be 
experiment,  a  linear  variation  of  band  energies  and 
an  electron  tunneling  mass  essentially  equal  to  that 
of  Si02,  these  materials  will  have  effective 
dielectrics  constants  of  the  order  of  10-15,  and 
function  as  gate  dielectrics  down  to  tnx,eq  ~1  nm  or 
less  with  tunneling  leakage  below  10'^  A-cm"  . 

Table  II  Estimated  values  of  t0x,eq  f°r  stacked 
dielectrics:  0.5  nm  SiC>2  and  2.0  (1.5)  nm  high-k 
2.0  nm  high-k:  k  8  10  15  20  25 

t0x,eq  (nm)  1.45  1.26  1.02  0.88  0.80 

1.5  nm  high-k:  k  8  10  15  20  25 

tox,eq  (nm)  1.21  1.07  0.88  0.79  0.73 


4.  SUMMARY 

A  consideration  of  chemical  bonding  constraints 
involving  the  substitution  of  alternative  high-K  gate 
dielectrics  for  Si02  in  aggressively  scaled  CMOS 
devices  identifies  the  need  for  interfacial  Si02  or 
nitrided  Si02  interface  layers.  These  clearly  impact 
of  the  anticipated  reductions  in  t0Xjeq  limiting 
reductions  to  just  below  1  nm  (see  Table  I).  In 
addition,  inherent  differences  between  the  nature  of 
the  conduction  band  states  in  transition  metal  oxides 
and  Si02  (and  AI2O3)  place  additional  restrictions 
on  composition  profiles  that  must  address  increases 
in  capacitance  and  reductions  in  leakage  current. 
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Modeling  the  Trends  in  Valence-Band  Electron  Tunneling  in  NMOSFETs 
with  Ultrathin  SiC>2  and  Si02/Ta205  Dielectrics  with  Oxide  Scaling* 
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Gate  oxide  scaling  in  NMOSFETs  causes  electrons  to  tunnel  from  the  conduction  and  valence  bands 
of  the  silicon  substrate  in  the  direct-tunneling  regime.  In  NMOSFETs,  the  tunneling  of  electrons  from 
the  substrate’s  valence  band  is  a  source  of  the  substrate  current  Ib  and  contributes  to  the  gate  current 
JG.  Oxide  thickness  scaling  leads  to  an  increase  in  the  substrate  current  Ib  and  in  the  ratio  Ib/Ig  of 
substrate  to  gate  current.  In  this  paper,  we  report  the  trends  in  the  Ib/Ig  ratio  due  to  oxide  thickness 
scaling  in  ultrathin  Si02  and  Si02/Ta20s  composite  gate  dielectrics. 


1.  INTRODUCTION 

The  gate  current  of  NMOSFETs  with  ultra¬ 
thin  gate  dielectrics  consists  of  tunneling  contri¬ 
butions  from  the  conduction  and  valence  bands 
of  the  substrate.  Electrons  in  the  valence  band 
of  the  substrate  of  NMOSFETs  biased  in  in¬ 
version  tunnel  through  the  gate  dielectric  and 
lead  to  the  generation  of  holes  in  the  substrate. 
These  holes  are  collected  at  the  substrate  con¬ 
tact  and  contribute  to  the  substrate  current  pro¬ 
vided  the  device  is  biased  such  that  the  valence- 
band  edge  in  the  substrate  is  at  an  energy  level 
higher  than  the  conduction-band  edge  in  the  gate 
[1-5].  In  this  study,  we  find  that  the  contribu¬ 
tion  of  this  tunneling  mechanism  to  the  total  gate 
current  increases  with  oxide  scaling,  and  com¬ 
pare  the  trends  in  tunneling-induced  substrate 
currents  in  NMOSFETs  with  Si02  gate  oxides 
and  Si02/Ta205  composite  dielectrics  with  the 
same  oxide-equivalent  thickness.  We  show  that 
the  benefits  obtained  from  composite  dielectrics 
depend  on  the  device  bias  and  the  dielectric-stack 
composition. 
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tional  Science  Foundation  Engineering  Research  Center  on 
Advanced  Electronic  Materials  Processing  at  North  Car¬ 
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2.  EXPERIMENTAL  RESULTS 

In  the  characterization  of  tunneling-induced 
substrate  currents  it  is  important  to  separate  this 
current  component  from  other  sources  of  sub¬ 
strate  current  such  as  hot  carriers  or  junction 
leakage  by  proper  selection  of  the  applied  bias. 
The  substrate  current  was  measured  at  zero  or 
low  drain  bias  to  avoid  the  generation  of  hot  car¬ 
riers.  Experiments  were  carried  out  on  NMOS¬ 
FETs  with  gate  oxide  thicknesses  ranging  from 
1.5  to  3.5  nm.  The  oxide  thickness  was  ob¬ 
tained  from  C(y)  characteristics  while  taking 
into  account  quantum-mechanical  effects  in  the 
substrate  [6]. 

Figure  1  shows  the  dependence  of  the  substrate 
current  density  in  NMOSFETs  with  gate  oxide 
thicknesses  ranging  from  1.5  to  3.5  nm.  The 
substrate  current  data  exhibits  the  usual  transi¬ 
tion  in  the  tunneling  characteristics  from  direct  to 
Fowler-Nordheim  tunneling  at  a  gate  oxide  volt¬ 
age  of  approximately  4.2  V.  Valence-band  elec¬ 
tron  tunneling  increases  exponentially  as  the  gate 
oxide  thickness  is  scaled.  The  substrate  current 
due  to  the  contribution  of  valence-band  electron 
tunneling  is  compared  to  the  gate  current.  Fig¬ 
ure  2  shows  the  experimental  trends  in  the  Ib/Ig 
ratio  with  gate  oxide  scaling.  These  results  sug- 
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gest  that  the  scaling  of  the  gate  oxide  thickness 
increases  the  contribution  of  valence-band  elec¬ 
tron  tunneling  in  the  gate  current.  In  NMOS- 
FETs  with  1.5  nm-thick  gate  oxides,  the  current 
carried  by  electrons  tunneling  from  the  valence 
band  is  found  to  be  as  much  as  20%  of  the  gate 
current. 


Gate-to-Source  Voltage,  VQS  (V) 


Fig.  1.  Experimental  results  of  the  dependence  of 
the  substrate  current  density  on  the  gate  voltage 
for  oxides  ranging  from  1.5  to  3.5  nm. 


Gate-to-Source  Voltage,  VGS  (V) 


Fig.  2.  Effect  of  the  oxide  thickness  on  the  depen¬ 
dence  of  the  Ib  /Ig  ratio  on  Vqs  for  Vos  —  0.01  V 
and  Vbs  =  0  V. 


3.  DISCUSSION  AND  SIMULATION 
RESULTS 

The  trend  shown  in  Fig.  2  for  the  Ib/Ig  ra¬ 
tio  can  be  explained  by  calculating  the  ratio  of 
the  probability  of  electron  tunneling  from  the  va¬ 
lence  band  to  that  from  the  conduction  band, 
as  shown  in  Fig.  3,  while  assuming  the  WKB 
approximation  and  a  trapezoidal  barrier.  The 
barrier  heights  were  assumed  to  be  3.15  eV  for 
electron  tunneling  from  the  conduction  band  and 
4.20  eV  for  electron  tunneling  from  the  valence 
band.  This  result  clearly  suggests  that  the  tun¬ 
neling  probability  is  responsible  for  the  trends  in 
Fig.  2. 


Oxide  Voltage,  VQX  (V) 


Fig.  3.  Dependence  of  the  ratio  of  valence-band  to 
conduction-band  tunneling  probabilities  on  oxide 
voltage  and  thickness. 

The  use  of  composite  dielectrics  is  widely  con¬ 
sidered  as  an  alternative  gate-oxide  engineering 
solution  for  the  reduction  of  the  gate  current  of 
MOSFETs  with  ultrathin  dielectrics.  We  now  ex¬ 
tend  the  discussion  of  composite  dielectrics  to  the 
contribution  of  valence-band  electron  tunneling 
to  the  gate  current.  The  trends  in  the  Ib/Ig  ra¬ 
tio  due  to  gate  oxide  scaling  are  compared  with 
devices  with  composite  gate  dielectrics.  Sim¬ 
ulations  were  carried  out  to  study  the  impact 
of  scaling  on  valence-band  electron  tunneling  in 
NMOSFETs  with  pure  and  composite  gate  ox¬ 
ides.  The  composite  oxide  structure  consists  of  a 
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thin  layer  of  Si02  on  the  substrate  followed  by  a 
layer  of  Ta205.  The  band  diagram  of  the  com¬ 
posite  dielectric  shown  in  Fig.  4  is  based  on  val¬ 
ues  reported  recently  for  the  electron  affinity  and 
bandgap  of  Ta2Os  [7].  The  dielectric  stack  is  as¬ 
sumed  to  have  the  same  capacitance  as  that  of  a 
1.0  nm-thick  layer  of  Si02.  The  thickness  of  the 
buffer  Si02  layer  was  varied  in  steps.  The  dielec¬ 
tric  constant  of  tantalum  oxide  was  assumed  to 
be  25  [8]  . 


Simulations  were  carried  out  for  Vds= 0  V  for  a 
50  nm  gate  length  MOSFET,  and  the  dependence 
of  the  gate  and  substrate  currents  are  shown  in 
Figs.  5  and  6,  respectively. 
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Gcte-to-Source  Voltage,  VGS  (V) 

Fig.  5.  Simulation  of  the  dependence  of  the  gate 
current  Iq  on  Vqs  in  SiC>2  and  SiC^/  I’a^Os  di¬ 
electrics. 


Fig.  4.  Energy-band  diagram  of  silicon,  sili-  Fig.  6.  Simulation  of  the  dependence  of  the  sub¬ 
con  dioxide,  and  tantalum  pentoxide  and  the  strate  current  1b  on  Vgs  in  S1O2  and  SiC^/Ta^Os 

composite-dielectric  MOSFET.  dielectrics. 
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Details  of  the  simulations  are  reported  else¬ 
where  [9] .  The  electron  effective  mass  in  the  tan¬ 
talum  oxide  was  assumed  to  be  0.5  mo  [7].  Three 
MOSFET  structures  with  the  same  dielectric  ca¬ 
pacitance  were  simulated.  The  gate  dielectric 
structures  were  1.0  nm  layer  of  Si02,  a  composite 
dielectric  consisting  of  7  A  of  Si02  and  19.2  A  of 
Ta205,  and  a  composite  dielectric  consisting  of 
4  A  of  Si02  and  38.4  A  of  Ta2C>5.  The  tunnel¬ 
ing  current  was  calculated  using  the  independent- 
electron  tunneling  model  [10].  It  is  important  to 
note  that  the  benefit  realized  by  substituting  a 
composite  silicon-dioxide/tantalum-oxide  dielec¬ 
tric  for  a  pure  silicon  dioxide  layer  in  reducing 
the  gate  current  is  limited  to  low  gate  biases  of 
less  than  0.8  V.  This  limitation  is  a  direct  re¬ 
sult  of  the  small  barrier  height  of  tantalum  ox¬ 
ide  with  respect  to  silicon.  At  larger  gate  biases, 
the  tantalum  pentoxide  does  not  contribute  to  the 
tunneling  barrier  of  electrons  tunneling  from  the 
conduction  band,  and  one  is  left  with  a  thinner 
layer  of  silicon  dioxide  resulting  in  a  larger  gate 
tunneling  current  flowing  through  the  composite. 
By  comparison,  the  substrate  current  resulting 
from  electron  tunneling  from  the  valence  band  is 
greatly  reduced  for  all  gate  biases  of  interest  be¬ 
cause  of  the  contribution  of  the  tantalum  pentox¬ 
ide  to  the  barrier  for  electrons  tunneling  from  the 
valence  band. 

Our  simulations  show  that  the  ratio  Ib/Ig  is 
a  strong  function  of  the  bias  and  the  dielectric- 
stack  composition.  We  found  that  for  an  equiva¬ 
lent  Si02  thickness  of  10  A  at  a  gate  bias  of  1.5  V, 
this  ratio  was  reduced  from  0.56  for  a  pure  Si02 
gate  dielectric  to  1.59  x  10-7  for  a  composite  gate 
dielectric  consisting  of  7  A  of  Si02  and  19.2  A  of 
Ta205,  as  shown  in  Fig.  7.  The  substantial  reduc¬ 
tion  in  the  contribution  of  the  substrate  current 
to  the  gate  current  is  largely  due  to  the  consider¬ 
able  reduction  in  the  substrate  current. 

4.  CONCLUSIONS 

Experimental  results  indicate  that  the  contri¬ 
bution  of  valence-band  electron  tunneling  to  the 
gate  current  of  NMOSFETs  increases  with  the 
scaling  of  the  gate  oxide  thickness.  This  scaling 
increases  the  Ib/Ig  ratio  of  the  electrons  tun¬ 
neling  from  the  valence  band  to  the  gate  cur¬ 
rent.  Simulations  show  that  the  Ib/Ig  is  a  strong 


function  of  the  oxide  composition  and  is  greatly 
reduced  by  decreasing  the  thickness  of  the  Si02 
layer  in  the  composite  gate  dielectric. 
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Fig.  7.  Simulation  results  of  the  dependence 

of  the  Ib/Ig  ratio  on  Vgs  in  Si02  oxides  and 

Si02/Ta205  dielectric. 
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A  new,  low  temperature  (Ba,Sr)Ti03  (BST)  MOCVD  process  has  been  established  at  580°C  deposition 
temperature  which  can  be  used  for  Gbit  DRAM  applications  using  Ti/TiN  as  barrier  material.  The  process 
window  for  BST  deposition  was  investigated  in  terms  of  deposition  temperature,  stoichiometry,  film  thickness, 
post  annealing  treatment  and  variation  of  the  underlying  electrode/barrier  layer.  Electrical  characterization 
revealed  specific  capacitance  values  of  45  fF/pm2  for  25  -30  nm  film  thickness  and  75  fF/pm2  for  10  nm  film 
thickness  which  is  close  to  the  target  value  for  GBit  of  80  -  100  fF/pm2.  Oxidation  resistance  of  the  Ti/TiN 
barrier  could  be  shown  up  to  600°C.  Feasibility  of  this  low  temperature  BST  process  has  been  successfully 
demonstrated  using  a  4  Mbit  test  vehicle. 


1.  Introduction 

For  Gbit  DRAM  applications,  (Ba,Sr)Ti03  (BST)  is 
a  promising  material  since  it  has  a  high  dielectric 
constant  which  enables  the  use  of  this  material  for 
several  generations.  A  typical  schematic  cross- 
section  of  a  stacked  capacitor  cell  is  shown  in  Fig. 

1 .  A  barrier  layer  between  Pt  bottom  electrode  and 
poly  silicon  plug  inhibits  diffusion  of  Si,  Pt  and 
oxygen.  The  standard  process  for  BST  MOCVD 
deposition  requires  high  deposition  temperatures  of 
640°C  followed  by  a  post  anneal  at  or  above  550°C, 
both  performed  in  oxygen  [1].  Due  to  this 
considerable  thermal  budget  in  oxygen  atmosphere, 
a  well  characterized  standard  Ti/TiN  barrier  will  be 
oxidized  and  therefore  cannot  be  used  for  BST 
integration.  On  the  other  hand  other  three- 
component  barrier  materials  reported  like  TiAIN  or 
TaSiN  [2]  require  precise  control  of  stoichiometry 
as  well  as  further  tools  and  therefore  increasing 
manufacturing  costs.  In  this  work,  for  the  first  time 
we  describe  a  low  temperature  BST  process  with  an 
optimized  Ti/TiN  barrier  which  was  successfully 
integrated  into  a  4Mbit  test  vehicle. 

0167-9317/99/$  -  see  front  matter  ©  1999  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  SOI 67-93 17(99)00393-7 


Pt  top  electrode 


Fig.  1:  Schematic  cross-section  of  a  stacked 
capacitor  cell.  Between  the  Pt  bottom  electrode  and 
the  poly  silicon  plug  a  barrier  layer  is  necessary  to 
inhibit  diffusion  of  Si,  Pt  and  02. 


2.  BST  deposition  process 

BST  films  were  deposited  by  liquid  source 
MOCVD.  For  process  development  100  nm  Pt 
bottom  electrodes  were  sputtered  on  thermally 
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oxidized  Si  or  on  Ti/TiN  coated  Si.  50  nm  Pt  top 
electrodes  were  evaporated  through  a  shadow  mask. 
Reproducibility  and  homogeneity  of  the  BST  films 
concerning  stoichiometry  and  film  thickness  were 
within  the  target  value  of  5%.  The  influence  of  BST 
stoichiomety  (i.e.,  Ti  concentration)  on  specific 
capacitance  and  leakage  current  was  investigated  in 
a  range  between  35  and  60  at%.  The  best  electrical 
properties  were  obtained  for  a  Ti  concentration  of 
51  -  52  at%.  After  BST  deposition  a  post  annealing 
procedure  of  BST  films  in  oxygen  at  temperatures 
between  400°C  and  600°C  is  essential  for  reduction 
of  the  leakage  current. 

The  BST  film  composition  and  deposition  rate  are 
stable  for  deposition  temperatures  between  520  and 
670°C.  BST  morphology,  however,  was  found  to  be 
strongly  dependent  on  deposition  temperature. 
While  BST  deposited  at  640°C  showed  a  crystalline 
columnar  structure,  films  become  amorphous  at 
lower  temperatures  (Fig.  2). 


Fig.  2:  SEM  analysis  of  BST  films,  100  nm  BST  on 
Pt/Si02  (top  view  (A,  C)  and  cross  section  (B,  D)), 
BST  deposition  temperature:  A)  and  B):  640°C;  C) 
and  D)  540°C. 


Most  probably  due  to  these  morphology  changes  the 
specific  capacitance  of  BST  films  also  is  strongly 
temperature  dependent.  The  dependence  of  specific 
capacitance  and  leakage  current  on  BST  deposition 
temperature  is  shown  in  Fig.  3.  For  25  nm  BST 
films  specific  capacitance  decreases  from  70  fF/pm2 


(640°C  dep.  temp.)  to  20  fF/pm2  (520°C  dep. 
temp.).  BST  deposited  at  lower  temperatures  shows 
excellent  leakage  currents.  jL  values  of  10‘8A/cm2 
(U  =  ±1V)  are  obtained  for  dep.  temp.  >  560°C  and 
BST  thicknesses  down  to  8  nm.  Furthermore, 
dielectric  constant  and  specific  capacitance  are 
strongly  dependent  on  BST  film  thickness  (Fig.  4): 
while  the  dielectric  constant  decreases,  a  strong 
increase  in  specific  capacitance  can  be  observed  for 
a  decreasing  film  thickness. 


BST  deposition  temperature  [°C] 

Fig.  3:  Specific  capacitance  and  leakage  current  vs. 
BST  deposition  temperature  (BST  film  thickness  25 
nm,  electrical  characterization  at  RT). 


Fig.  4:  Specific  capacitance  and  epsilon  vs.  BST 
film  thickness  for  films  deposited  at  640°C  and 
580°C  (electrical  characterization  at  RT). 


leakage  current  [A/crrf] 
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For  a  deposition  temperature  of  580°C  specific 
capacitance  values  are  around  55  fF/pm2  for  25  -  30 
nm  films  and  75  fF/pm2  for  10  nm  films.  This  is 
only  10  -  20%  lower  than  the  values  obtained  for 
BST  deposited  at  640°C  (standard  deposition 
temperature)  which  shows  the  potential  of  the  low 
temperature  BST  process  for  the  fabrication  of  Gbit 
storage  capacitors. 


This  indicates  no  oxidation  of  the  barrier  during 
BST  formation.  Finally  a  typical  cross  section  of  the 
4Mbit  stacked  capacitor  integrated  with  the  580°C 
low  temperature  BST  process  is  shown  in  Fig.  6.  A 
homogeneous  BST  film  has  been  formed  between  Pt 
bottom  and  top  electrode  and  successfully  integrated 
into  a  4Mbit  stacked  capacitor  cell. 


3,  Barrier/electrode/BST  Module  Formation 

To  achieve  high  oxidation  resistance  of  the  Ti/TiN 
barrier,  the  barrier  and  Pt  deposition  process  had  to 
be  optimized.  The  20  nm  Ti/100  nm  TiN  barrier 
was  deposited  in  a  way  that  the  02  incorporation 
and  the  mechanical  stress  of  the  layers  are  low.  Pt 
was  sputtered  after  air  exposure  of  the  barrier  at  0.5 
KW,  3  mbar  at  temperatures  between  100  and 
500°C.  No  blistering  or  bubble  formation  occured 
during  subsequent  BST-deposition  and  02  post 
anneal.  The  Ti/TiN/Pt  barrier/electrode  stack  is 
oxidation  resistant  up  to  600°C.  The  complete 
BST/Pt/barrier  stack  utilizing  25  nm  BST  film 
deposited  at  580°C  on  Pt/TiN/Ti  has  been 
investigated  by  AES.  The  AES  depth  profile  reveals 
sharp  interfaces  between  BST  and  Pt  and  between 
Pt  and  TiN  (Fig.  5). 


Intensity 


Fig.  5:  AES  depth  profile  of  BST/Pt/Ti/TiN/poly- 
Si/Si02  stack. 


Pttop 

electrode 

BST 

Pt  bottom 
electrode 

poly  Si 
plug 


Fig.  6:  TEM  cross  section  of  a  4Mbit-cell. 


A  closer  cross-section  TEM  analysis  showed  clearly 
no  interfacial  oxide  formation  between  the  Ti/TiN 
barrier  and  the  poly  silicon  plug.  Standard  DRAM 
product  tests  showed  correct  functionality,  and, 
therefore,  feasibility  of  our  newly  developed  stacked 
capacitor  process  with  low  temperature  BST. 


4.  Conclusions 

A  new  low  temperature  MOCVD  BST  process  as 
well  as  an  optimized  Ti/TiN  barrier  have  been 
developed.  A  decrease  of  BST  deposition 
temperature  has  a  significant  effect  on  BST 
morphology  and  dielectric  properties.  For  thin  BST 
films  (10  nm)  deposited  at  low  temperature  specific 
capacitance  values  as  high  as  75  fF/cm2  were 
obtained.  This  shows  that  BST  is  able  to  meet  Gbit 
requirements.  Feasibility  of  this  new  stacked 
capacitor  process  has  been  successfully 
demonstrated  by  integration  of  BST  into  a  4Mbit 
test  vehicle. 
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Interfacial  defect  densities  are  typically  two  orders  of  magnitude  higher  at  [III-V]-dielectric  interfaces  than  at  Si- 
Si02  interfaces.  This  paper  demonstrates  GaN  devices  with  significantly  reduced  interfacial  defect  densities 
using  a  two  step  remote  plasma  process  to  form  the  GaN-dielectric  interface  and  then  deposit  the  dielectric  film. 
Separate  plasma  oxidation  and  deposition  steps  have  previously  been  used  for  fabrication  of  aggressively  scaled 
Si  devices.  Essentially  the  same  300°C  remote  plasma  processing  has  been  applied  to  GaN  metal-oxide 
semiconductor  (MOS)  capacitors  and  field  effect  transistors  (FETs).  This  paper  i)  discusses  the  low  temperature 
plasma  process  for  GaN  device  fabrication,  ii)  briefly  reviews  GaN  device  performance,  and  then  m)  presents  a 
chemical  bonding  model  that  provides  a  basis  for  the  improved  interface  electrical  properties. 


1.  INTRODUCTION 

The  potential  of  GaN  for  use  in  high  frequency, 
high  temperature  and  high  power  applications  has 
led  to  extensive  research  in  the  development  of  GaN 
microelectronic  devices.  Studies  of  metal-insulator- 
semiconductor  (MIS)  structures  using  GaN  have 
been  performed  with  deposited  Si02  and  Si3N4 
acting  as  the  gate  insulator  [1-3].  Casey  et  al.  [1] 
produced  a  metal-oxide-semiconductor  capacitor 
using  remote  plasma  enhanced  chemical  vapor 
deposited  (RPECVD)  Si02  on  n-GaN.  The  study 
indicated  a  flat-band  voltage  of  -2.35V,  which 
corresponds  to  a  fixed  positive  charge  of  1012  cm'2. 
There  was  no  hysteresis  present  in  the  measured  C- 
V  which  these  authors  attributed  to  an  absence  of 
interface  traps. 

MIS  capacitors  were  also  fabricated  by 
Arulkumaren  et  al.  [2]  using  electron  beam  (EB) 
evaporated  and  plasma  enhanced  chemical  vapor 
deposited  (PECVD)  Si02  and  PECVD  Si3N4  on  n- 
type  GaN.  A  minimum  interface  state  density  of 
2.5  x  1011  eV'^cm'2  was  measured  in  the  PECVD 
deposited  Si02/GaN  capacitor.  Measurements  on 
the  EB  evaporated  Si02/GaN  and  the  Si3N4/GaN 
capacitors  yielded  interface  trap  densities  of  the  5.3 
x  1011  eV'^cm'2  and  6.5  x  1011  eV’-cm'2, 
respectively. 

Binari  et  al.  [3]  fabricated  depletion  mode 
MISFETs  using  PECVD  deposited  Si3N4  as  the  gate 
insulator.  The  devices  displayed  a  maximum 


transconductance  of  16  mS/mm  and  a  pinchoff  at  - 
50V.  The  author  attributed  the  low  trans¬ 
conductance  to  a  high  density  of  interface  s  traps 
apparent  from  the  large  hysteresis  in  the  capcitance- 
voltage  (C-V)  measurements  of  the  structure. 

Ren  et.  al.  [4,5]  have  demonstrated  MIS  devices 
on  GaN  using  a  deposited  Ga203(Gd203)  as  the  gate 
insulator.  The  C-V  measurements  on  theses  devices 
are  consistent  with  a  large  number  of  interface  traps, 
perhaps  as  high  as  1012  eV'^cm'2. 

In  this  paper,  we  report  on  the  fabrication  of 
MOS  capacitors  and  depletion  mode  FETs  using 
RPECVD  Si02  on  n-GaN. 


2.  DEVICE  FABRICATION 

The  GaN  used  for  this  study  was  grown  via 
metal-organic  chemical  vapor  deposition  (MOCVD) 
on  6H-SiC  (0001)  substrates  using  a  AIN  buffer 
layer.  The  films  were  intentionally  doped  n-typed  to 
1-3  x  1017  cm'3. 

MOS  devices  were  formed  on  the  epitaxial  GaN 
(0001)  layers  with  Ga-atom  terminated  faces.  The 
devices  were  fabricated  using  using  a  two  step 
remote  plasma  process  to  first  form  the  GaN- 
dielectric  interface  and  then  deposit  the  dielectric 
film.  Separate  plasma  oxidation  and  deposition  steps 
have  previously  been  used  for  fabrication  of 
aggressively  scaled  Si  devices  [6].  Prior  to  in-situ 
remote  plasma-assisted  oxidation  (RPAO),  the  GaN 
surface  was  cleaned  by  exposure  to  reactive  species 
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from  a  remote  N  N2/He  discharge.  On-line  analysis 
by  Auger  electron  spectroscopy  (AES)  demonstrated 
the  exposure  to  products  of  the  N2/He  discharge 
resulted  in  significant  reductions  in  C  impurities  to 
below  AES  detection  limits,  but  residual  sub¬ 
monolayer  O  remained  (see  Figs.  1  and  2).  RPAO 
was  then  performed  using  an  02/He  plasma  at  300°C 
followed  by  the  300°C  remote  plasma-enhanced 
CVD  of  Si02  using  plasma  excited  02/He  and 
downstream  SiH4.  After  Si02  film  deposition,  a 
900°C  anneal  in  an  inert  ambient  was  done  for 
interface  and  bulk  film  relaxation.  Device  structures 
were  fabricated  by  conventional  lithography, 
metallization,  and  post  metallization  annealing. 


Electron  Energy  (eV) 


Figure  1.  AES  of  as-loaded  GaN  surface 


Figure  2.  AES  of  remote  N2  plasma  cleaned  GaN 

The  structures  of  the  MOS  capacitors  and  FETs 
can  be  seen  in  Figs.  3  and  4,  respectively.  The  MOS 
capacitors  required  a  top  side  ohmic  contact  due  to 
the  insulating  AIN  buffer  layer.  Al  was  used  for  all 
the  contacts  on  the  devices  in  this  study. 
Capacitance-voltage  measurements  were  performed 
using  a  HP  4284A  variable  frequency  LCR  meter  at 
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frequencies  ranging  from  100  Hz  to  1  MHz.  The 
curves  were  obtained  by  sweeping  the  voltage  from 
depeltion  (-  voltage)  to  accumulation  (+  voltage)  and 
back  to  depletion  at  a  rate  of  0.1  V/s  with  0.1  V 
steps.  Electrical  measurements  on  the  FETs  were 
performed  with  a  Keithly  236  source-measure  unit 
and  a  Keithly  237  high  voltage  source  measure  unit. 

Al 

Oxide 

1000A  AIN 


Figure  3.  Si02/GaN  capacitor  cross-section 


Figure  4.  GaN  MOSFET  cross-section 


3.  RESULTS  AND  DISCUSSION 

Figure  5  shows  the  C-V  behavior  of  a  Si02/GaN 
MOS  capacitor  fabricated  with  a  RPAO  step. 


Figure  5.  C-V  of  Si02/GaN  MIS  capacitor 
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An  estimate  of  the  number  of  traps  per  cm2  was 
calculated  from  the  hysteresis  at  flatband  of  the 
measurement  taken  at  10  kHz,  on  a  capacitor  with  an 
area  of  4.9  x  10'4  cm2  where  AVFB  0.025  V  to  be  N 
=  1.7  x  1010  cm'2.  A  comparison  of  the  ideal 
flatband  voltage  of  -0.14  V  for  an  Al  gate  and  GaN 
with  a  n-doping  level  of  3  x  1016  cm'3  to  the  value 
of  the  flatband  voltage  of  the  curve  swept  in  the 
forward  direction  yields  the  total  amount  of  charge 
per  cm2  for  this  capacitor  to  be  1 .6  x  1011  cm'2. 

In  comparison  the  MOS  capacitors  fabricated 
without  the  use  of  the  RPAO  step  demonstrated 
significantly  increased  interface  defects  (See  Fig.  6). 
As  the  measurement  frequency  is  lowered  an 
increased  number  of  traps  are  able  to  respond  to  the 
applied  gate  voltage.  In  contrast,  the  C-V  behavior 
of  the  RPAO  treated  capacitors  did  not  change  with 
frequency  consistent  with  significantly  reduced  trap 
densities. 

The  DC  drain  characteristics  of  a  GaN  MISFET 
with  a  gate  length  of  75  pm  and  a  source  to  drain 
separation  of  125  pm  is  shown  in  Fig.  7.  The  device 
showed  a  maximum  gm  of  0.3  mS/mm  and  the  gate 
current  was  typically  below.  1  nA  for  the  gate 
voltages  used  in  these  experiments.  The  small 


Voltage  (V) 


Figure  6.  C-V  of  Si02/GaN  MIS  capacitor 
fabricated  without  a  RPAO  step 

drain  currents  are  due  to  the  low  doping  in  the  n- 
type  GaN  layer  and  the  poor  ohmic  behavior  of  the 
source  and  chain  contacts,  shown  in  Fig.  8.  Figure  7 
shows  how  increases  in  the  gate  voltage  above  0  V 
resulted  in  increases  in  the  drain  current  as  more 
carriers  (i.e.  electrons)  are  attracted  to  the  GaN/Si02 
interface.  Pinchoff  occurred  at  a  gate  bias  of  1.5  V, 
which  corresponded  well  with  the  calculated  value 
of  -0.8V. 


There  are  significant  differences  between  GaN- 
dielectric  and  Si-Si02  interfaces:  i)  there  is  no  GaN- 
oxide  analog  of  Si02,  ii)  plasma  or  thermal  oxidation 
of  GaN  results  in  formation  of  Ga203  and  evolution 
of  gaseous  nitrogen  oxides,  and  iii)  the 
electron  occupation  of  Ga  dangling  bonds  on  polar 


Vd  (V) 


Figure  7.  DC  drain  characteristics  of  GaN  MISFET 


Figure  8.  DC  drain  characteristics  of  GaN  MISFET 

aces  of  GaN  is  formally  fractional  rather  than 
integral.  Fractional  occupancy  means  that  there  is  an 
inherent  mismatch  between  electronic  charge  and 
nuclear  charge  for  interface  bonding  with  deposited 
dielectrics  such  as  Si02  or  Si3N4;  i.e.  the  bonding  is 
heterovalent  [7].  To  form  device  quality  GaN  MOS 
devices,  there  must  then  be  a  redistribution  of 
electronic  charge  in  the  Ga  atom  dangling  bonds  that 
is  integral;  this  takes  place  during  the  plasma 
oxidation  that  forms  the  ultra  thin  Ga203  layer.  The 
atomic  structure  of  Ga203  has  two  bonding 
components  in  a  3:1  ratio:  three  tetrahedral 
[Ga04/2]-  groups  that  form  a  covalently-bonded 
network  for  each  Ga+3  ion  that  occupies  an 
octahedral  interstitial  or  network  modifier  site  within 
that  network  [8].  The  improved  performance  in 
plasma-processed  GaN  MOS  devices  is  consistent 
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with  a  redistribution  of  charge  in  Ga  dangling  bonds 
during  the  plasma  oxidation  step  that  matches  the 
3:1  distribution  in  Ga^  forming  a  isovalently 
bonded  interface:  i.e.,  4  Ga(3/4e)o  —  >  3Ga(le)-l/4  + 
Ga(0e)+3/4.  Bonding  at  the  internal  Ga203-Si02 
interface  within  the  composite  gate  stack  is  also 
isovalent,  with  bonding  connections  between  neutral 
[Si04/2]o  and  charged  [Ga04/2]-  which  is  analogous 
to  the  bonding  between  [AlO  4/2]-  and  [Si04/2]o  in 
zeolites 


4.  CONCLUSIONS 

Experimental  data  has  demonstrated  that 
Si02/GaN  capacitors  and  FETs  with  low  interfacial 
defect  densities  are  produced  when  the  GaN  surface 
is  treated  with  the  RPAO  prior  to  the  Si02  film 
deposition.  We  propose  that  the  Ga203  layer  formed 
during  the  RPAO  provides  an  isovalent  bonding 
arrangement  for  the  Si02  as  opposed  to  the 
heterovalent  that  occurs  when  Si02  is  deposited 
directly  on  a  polar  surface  of  GaN.  The  isovalent 
bonding  allows  for  the  reduction  of  dangling  bonds 
at  the  interface  thus  reducing  the  interfacial  defect 
density. 

Finally,  the  same  bonding  model  has  been 
extended  to  other  [III-V]-dielectric  stacks  such  as 
GaAs-Ga203-Si02. 
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H.  Yang,  H  Niimi,  Y.  Wu,  G.  Lucovsky,  J.W.  Keister  and  J.E.  Rowe 

Departments  of  Physics,  Materials  Science  and  Engineering,  and  Electrical  and  Computer  Engineering, 

North  Carolina  State  University,  Raleigh,  NC  27695-8202 

This  paper  builds  on  previous  work  that  has  demonstrated  the  effects  of  interfacial  suboxide  transition  regions  at 
Si-SiC>2  interfaces  on  tunneling  oscillations  in  the  Fowler-Nordheim  regime.  This  paper  extends  thes  effects  to 
the  direct  tunneling  regime  and  focuses  on  differences  in  interfacial  transition  regions  between  Si-Si02  interfaces 
with,  and  without  monolayer  level  interface  nitridation.  Tunneling  currents  in  devices  with  the  same  oxide- 
equivalent  thickness  are  reduced  by  monolayer  level  interfacial  nitrogen  with  respect  to  devices  without  interface 
nitridation  for  i)  substrate  and  gate  injection  and  ii)  in  both  the  direct  and  Fowler-Nordheim  tunneling  regimes. 


I.  INTRODUCTION 

Exponential  increases  in  tunneling  current  with 
decreasing  gate  oxide  thickness,  tox,  present  a 
significant  limitation  in  aggressive  scaling  of  Si 
CMOS  devices  for  toX  <  2.0  nm.  The  1997  SIA 
NTRS  roadmap  [1]  requires  an  oxide-equivalent 
thickness,  t0Xjeq>  <  1  nm  by  2012,  stimulating 
research  on  alternative  insulators  with  dielectric 
constants,  k,  higher  than  SiC>2.  This  in  turn  has 
generated  near-term  interest  in  nitrided  oxides, 
oxide/nitride  stacks  [2-5]  and  oxynitride  alloys  [6]. 


Figure  1.  J-V  Characteristics  of  capacitors  with  ultra 
thin  gate  oxides  in  the  direct  tunneling  regime. 
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Studies  by  our  group  [3,7]  have  demonstrated 
that  tunneling  is  reduced  in  devices  with  monolayer 
plasma-assisted  Si-Si02  interface  nitridation  as 
compared  with  devices  with  non-nitrided  interfaces 
and  the  same  toXj6q.  Direct  tunneling  is  reduced  by 
factors  of  about  8±2  for  both  substrate  and  gate 
injection  for  tox_eq  in  the  range  of  1.8  to  3  nm. 
Reductions  are  not  due  to  i)  flatband  voltage  shifts 
[7],  ii)  increases  in  physical  thickness  [7],  and/or  iii) 
decreases  in  interface  roughness  [8].  Maseijian  et  al. 
were  first  to  recognize  interfacial  transition  regions 
with  suboxide  bonding  modified  Fowler-Nordheim 
tunneling  [9].  This  paper  extends  their  approach  into 
the  direct  tunneling  regime,  using  X-ray 
photoelectron  spectroscopy  (XPS)  to  estimate  widths 
of  interfacial  transition  regions  [10]. 

2.  EXPERIMENTAL  RESULTS 

Figure  1  displays  J-V  plots  in  the  direct- 
tunneling  regime  for  devices  prepared  by  combined 
remote  plasma-assisted  and  rapid  thermal  processing 
[7,11].  Characterizations  used  to  establish  interfacial 
nitridation,  and  to  quantify  interfacial  N  content  are 
detailed  in  Refs  7,  1 1  and  12.  Etch-back  combined 
with  Auger  electron  spectroscopy,  angle-resolved 
XPS  (ARXPS)  and  non-linear  optical  second 
harmonic  generation  (SHG)  demonstrated  interfacial 
N-localization;  secondary  ion  mass  spectrometry 
(SIMS)  and  nuclear  reaction  analysis  (NRA)  were 
used  to  establish  the  N  content,  identifying  process 
conditions  for  achieving  monolayer  N-concentrations 
of7±lxl014  cm'2  at  Si(100)-SiO2  interfaces  [7,1 1]. 
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XPS  studies  were  performed  on  Si(lll)  and 
Si(100)  substrates  with  similar  results:  i)  interfaces 
showed  integrated  spectral  content  in  the  suboxide 
bonding  regime  between  the  2p  Si  substrate  feature 
at  ~  99  eV  and  the  SiC>2  bulk  oxide  feature  at  ~  103 
eV  in  excess  of  the  one  monolayer  defining  the 
interface,  ii)  integrated  intensities  in  this  region 
decreased  by  15-20  %  between  as-deposited  (300°C) 
and  annealed  conditions  (900°C)  consistent  with 
other  studies  [13],  and  iii)  decreases  in  suboxide 
bonding  occurred  mostly  in  bonding  arrangements 
not  intrinsic  to  a  particular  surface;  e.g.,  the  Si2+ 
feature  decreased  markedly  on  Si(lll)  after  the 
900°C  anneal  [10].  Other  studies  have  demonstrated 
that  interfaces  formed  by  thermal  oxidation  at  900°C 
display  additional  changes  in  interface  morphology 
after  900°C  non-oxidizing  anneals  [14],  emphasizing 
fundamental  differences  in  interface  morphology  for 
growth  and  annealing  at  the  same  temperatures. 


Si02  Si02 


Figure  2  Oxide  tunneling  barriers  with  (a)  non- 
nitrided  and  (b)  nitride  suboxide  interfacial  regions. 


3.  MODIFIED  BARRIER  LAYER  MODEL 

Figure  2  indicates  modified  interface  band 
structure  proposed  by  us  for  900°C  annealed  (a)  non- 
nitrided  and  (b)  nitrided  Si-Si02  interfaces.  The 
suboxide  bonding  in  (a)  defines  a  transition  region 
with  an  average  SiO  composition  between  the  Si 
substrate  and  the  Si02  dielectric.  Following  Ref.  9,  a 
linear  variation  in  the  conduction  band  offset  energy 
has  been  assumed.  The  width  of  this  region  was 
estimated  from  XPS  results  of  Ref.  10.  The  areal 
density  of  Si  atoms  in  a  mono- molecular  layer  of  SiO 
is  estimated  to  be  ~5.2±0.1xl014  cm-2  by  averaging 
Si-atom  areal  densities  in  c-Si,  — 7.8xl014  cm'2,  and 
Si02,  ~2.6xl014  cm'2.  The  thickness  of  this 


molecular  layer,  0.32±0.05  nm,  was  obtained  by 
similar  averaging.  For  non-nitrided  interfaces,  XPS 
data  indicated  an  excess  Si  areal  density  of 
4.4±0.4xl014  cm-2,  or  approximately  0.85±0.1  of  a 
molecular  layer,  corresponding  to  a  transition  region 
width  of  ~0.27±0.03  nm.  For  the  nitrided  interfaces 
the  corresponding  excess  areal  density  increased  to 
-1.1  ML  with  a  thickness  ~0.35±0.03  nm.  The 
observance  of  different  resonance  energies  for 
nitrided  and  non-nitrided  Si-SiC>2  interfaces  in 
optical  SHG  measurements  [12]  establishes  that 
conduction  band  offset  profiles  at  these  interfaces 
must  be  different.  A  potential  step  of  2.15  eV  has 
been  assumed  at  the  nitrided  Si-dielectric  interface, 
and  following  Ref.  9,  the  remainder  of  transition 
region  is  represented  in  Fig.  2(b)  by  a  linear 
variation  between  the  top  of  the  interface  step  and 
the  SiC>2  conduction  band  edge. 


Figure  3  Calculated  direct  tunneling  J-V  curves  for 
devices  with  n+(5xl019  cm'3)Si-SiO2-n(5xl017  cm" 
3)Si  stacks  with  tox_eq  ~  2.0  nm;  (1)  suboxide 
transition  region,  (2)  ideal  oxide,  and  (3)  nitrided 
suboxide  transition  region. 

Figure  3  compares  calculations  of  direct 
tunneling  based  on  the  WKB  approximation  [15,16] 
for  three  different  dielectrics  with  t0x-eq  =  2.0  nm. 
These  are  i)  an  ideal  oxide  with  no  interfacial 
transition  region  (1),  ii)  an  oxide  with  interfacial 
suboxide  bonding  (2),  (tox  =  1.77  nm),  and  iii)  an 
oxide  with  interfacial  suboxide  bonding  and  a 
nitrided  interface  (3),  (tox  =  1.85  nm).  The  tunneling 
barrier  is  3.15  eV,  and  the  tunneling  mass  is  0.5  mo 
[15],  where  mo  is  the  free  electron  mass.  The 
determinations  for  tox  for  ii)  and  iii)  set  tox-eq  -  2.0 
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run,  and  assumed  k  in  the  suboxide  region  in  ii) 
increased  from  3.8  for  Si02  to  6.7,  and  in  iii)  from 
3.8  to  5.7.  The  calculations  demonstrate  that  direct 
tunneling  is  reduced  by  interfacial  nitridation  -8-10 
with  respect  to  devices  with  suboxide  bonding. 
Additionally,  the  calculated  tunneling  in  the  device 
with  the  nitrided  interface  is  nearly  equal  to  that  of 
the  device  with  ideal  abrupt  interface;  i.e.  in  the 
context  of  the  WKB  approximation,  they  both  have 
approximately  the  same  thickness-(tunneling  mass- 
average  barrier  height)0-5  products  [15]. 

The  approximate  reduction  in  direct  tunneling, 
Rd_t,  is  estimated  using  an  analytic  expression  based 
on  the  exact  solution  of  tunneling  through  an 
equivalent  rectangular  barrier,  t0.  The  transmission 
probability  through  such  a  barrier  is  given  by: 

T  =  exp(-47ih_1 10  (2m*iEi)0-5),  (1) 

where  m*i  is  the  tunneling  mass  and  Ei  and  the 
effective  barrier  height.  The  approximate  reduction 
in  direct  tunneling  current,  RD_T,  *s  then  given  by: 

Rd-t  ~  exp  {1.02(tn(m*ox*En)a5  - 
to(m*ox*Eo)0,5)}>  (^) 

where  tn  and  t0  are  the  widths  of  suboxide  regions 
(in  A)  with  and  without  interface  nitridation,  En  and 
E0  are  average  conduction  band  offset  energies  (in 
eV),  and  m*oxis  the  electron  tunneling  mass  in  units 
of  the  electron  mass,  m*0.  From  Fig.  2,  tn  ~  3. 5 A,  to 
=  2.1  K  En  -  2.7  eV,  E0  ~  1.6  eV,  and  m*ox  - 
0.5m*o,  so  that  RD_T  -  6.5,  consistent  with  decreases 
in  the  calculated  J-V  curves  of  Fig.  3.  Since  the 
integrand  in  the  WKB  integral  includes  interface 
terms  in  the  same  way  independent  of  oxide 
thickness  [15],  the  same  reductions  in  direct 
tunneling  are  expected  for  t0X}eq  ~1.5  to  3  nm  in 
agreement  with  experiment  [7,12].  Additionally, 
since  the  tunneling  probability  is  independent  of 
current  direction,  Rd-t  is  the  same  for  substrate  and 
gate  injection  consistent  with  results  in  Fig.  4. 

An  estimate  of  tunneling  reductions,  Rf-n>  hi  the 
Fowler-Nordheim  tunneling  regime  is  not  straight¬ 
forward,  since  the  integrand  in  the  WKB  integral  for 
gate  injection  does  not  explicitly  include  the 
interface  region,  but  for  substrate  injection  does.  As 
shown  in  Fig.  5,  experiments  indicate  a  reduction, 
Rf_n,  of  approximately  10-12  for  gate  injection, 
which  is  increased  to  -50-60  for  substrate  injection. 
Based  on  the  discussion  presented  above,  the 
difference  in  Rf_n  f°r  substrate  and  gate  injection 
should  be  approximately  a  factor  of  6,  whereas  the 
experiments  yield  an  average  Rf_n  of  about  5.  Stated 
differently,  Rf_n  for  substrate  injection  is 
approximated  by  multiplying  the  value  for  gate 


injection  by  the  relative  interface  transmission 
factor,  Rd-T>  of  ~6  as  calculated  from  Eqn.  (1).  The 
combined  effect  of  these  two  contributions  is  66±12, 
in  good  agreement  with  the  experimentally  observed 
value  of  -50-60  from  the  data  in  Fig.  5.  The  value  of 
Rf_N  -  1 1,  for  gate  injection  is  assumed  to  be  related 
to  an  increase  in  the  electric  field  in  the  triangular 
region  of  the  tunneling  barrier  for  with  the  physically 
thicker  oxide  the  non-nitrided  interface. 


Figure  4  J-V  Characteristics  for  substrate  and  gate 
injection  for  an  NMOS  FET  in  which  the  source, 
drain  and  substrate  are  grounded. 

4.  CONCLUSIONS 

Experimental  results  have  demonstrated  that 
monolayer  interface  nitridation  reduces  tunneling 
currents  in  the  direct  tunneling  regime  by  a  factor  of 
8±2  compared  to  devices  with  non-nitrided 
interfaces  [7,11],  consistent  with  calculations. 
Decreases  in  direct  tunneling  due  to  interface 
nitridation  must  be  considered  in  evaluating 
performance  of  aggressively-scaled  devices  with 
O/N  stacks  and  oxynitride  alloys  [2-6],  since 
interfacial  nitridation  can  result  from  nitrogen 
transport  during  processing,  including  post¬ 
deposition  anneals  [3].  A  breakthrough  in  device 
fabrication  and  performance  has  just  been  achieved 
by  our  group  by  combining  monolayer  interface 
nitridation  with  an  aggressively  scaled  O/N  stack  in  a 
pMOS  FET.  The  O-layer  is  -  0.7  nm  thick,  and  the 
RPECVD  nitride  layer  is  -1.8  nm  thick.  T0Xjeq  is  - 
1.6  nm  as  determined  from  analysis  of  C-V  data  that 
included  quantum  mechanical  corrections.  For  gate 
injection,  the  current  at  1  volt  applied  bias  was  < 
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5xl0"3  A/cm2  compared  to  a  tunneling  current  of  ~  1 
A/cm2  for  an  oxide  dielectric. 

The  experimental  results  for  the  Fowler- 
Nordheim  regime  support  the  interfacial  model 
developed  for  the  direct  tunneling  regime.  As 
expected  on  the  basis  of  the  analytical  expressions 
for  the  WKB  approximation,  the  reduction  in 
tunneling  current  for  interfacial  nitridation  for 
substrate  injection  should  be  larger  than  for  gate 
injection  because  the  integral  in  the  exponent 


Figure  5.  J-V  characteristics  for  tunneling  in  the 
Fowler-Nordheim  regime  for  (a)  substrate  and  (b) 
gate  injection. 


includes  the  interface  region  for  substrate  injection, 
but  does  not  for  gate  injection. 

Finally,  the  comparisons  in  Fig.  3  between 
calculated  direct  tunneling  currents  for  ideal  abrupt 
Si-Si02  interfaces,  and  those  with  suboxide 
transition  regions  demonstrate  that  transition  regions 
must  be  considered  in  fitting  experimental  data  to 
model  calculations  even  for  non-nitrided  dielectrics. 
For  example,  determinations  of  fit  parameters  based 
on  ideal  interface  models  can  lead  to  values  of 
tunneling  masses  and/or  band  offset  energies  which 
are  effective  values  due  to  neglect  of  the  interfacial 
suboxide  transition  regions. 
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Wafer  bonding  technology  is  rapidly  gaining  acceptance  as  the  technology  of  choice  for  an  ever  widening  range 
of  applications.  In  this  paper  I  review  the  fundamental  bonding  mechanisms  along  with  new  applications.  These 
include,  pattern  buried  layers,  high  thermal  conductivity  buried  insulators  such  as  diamond,  hetero-bonding  of 
silicides  and  compound  semiconductors. 


1.  Introduction 

Wafer  bonding  is  rapidly  becoming  an  accepted 
technology  for  the  manufacture  of  silicon  based 
products.  Already  a  large  number  of  thick  film  SOI 
products,  which  incorporate  wafer  bonding,  are 
commercially  available  (3,4,5,!  1,12).  Many  predict 
that  in  the  future,  thin  film  SOI/CMOS  will  also 
become  a  significant  technology. 

Wafer  bonding  has  migrated  to  include  silicon 
compatible  materials,  such  as  glass,  quartz, 
diamond,  alumina  and  sapphire.  It  has  also  been 
extended  to  non-silicon  materials  such  as  GaAs,  InP 
and  SiC  among  others. 

Wafer  bonding  technology,  as  understood  in  its 
present  form,  was  first  proposed  by  RCA 
Laboratories  in  a  series  of  patents  filed  in  the 
1960’s.  However,  1960’s  standards  of  surface 
roughness  and  particles  prevented  commercial 
production  of  bonded  wafers.  This  technology  was 
re-evaluated  in  the  1980’s,  principally  in  Japan,  with 
successful  results.  Commercial  production  of 
bonded  wafer  pressure  sensors  began  in  the  mid 
80’ s  and  bonded  wafer  electronic  devices  in  the  late 
80’s  (12). 

2.  Bonding  Mechanisms 
2.1  Joining 

Wafer  bonding  works  by  a  two  step  process,  joining 
and  bonding.  In  the  joining  operation,  two 


atomically  flat  surfaces  are  brought  into  intimate 
contact.  At  some  points,  the  space  between  the  two 
surfaces  will  be  sufficiently  small  to  achieve 
VanDerWaal  bonding.  This  point  bonding  will  pull 
the  two  surfaces  together  allowing  the  surrounding 
areas  to  also  VanDerWaal  bond,  creating  a  zipper 
like  effect.  This  propagates  a  joining  wave,  which 
sweeps  across  the  surface  leaving  the  two  surfaces 
tightly  coupled.  This  is  shown  in  SAM  (scanning 
acoustic  microscope)  images  of  Fig  1.  The  image 
on  the  top  left  is  only  joined  in  the  bottom,  in  the  top 
right  image,  the  joining  wave  has  moved  half  way 
across  the  wafer  and  in  bottom  image  on  the  right 
the  joining  wave  is  complete. 


Fig  1  Progression  of  Joining  Wave  Across  Wafer 

This  wave  releases  a  great  deal  of  energy,  which  is 
sufficient  to  “snowplow”  particles,  adsorbed  gases 
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and  other  foreign  material  off  the  wafer  edge.  An 
example  of  the  strength  of  this  wave  can  be  seen  in 
the  joining  of  thin  wafers,  about  half  normal 
thickness.  In  this  case  the  wave  can  be  clearly  seen 
on  the  back  of  the  thin  wafer  as  a  distortion  moving 
across  the  surface. 

This  joining  wave  is  the  reason  why  wafer  bonding 
works.  Completely  particle  free  surfaces  are  beyond 
current  technology  and  if  no  particles  were  allowed 
for  good  bonding,  then  it  could  not  be  achieved. 

The  joining  wave  is  sufficiently  strong  such  that  it 
can  push  off  relatively  large  numbers  of  particles, 
100’s,  and  relatively  large  particles,  approx.  0.5um. 
These  are  well  within  current  cleaning  technology. 

If  there  are  large  particles  on  the  surface,  or  an 
accumulation  of  smaller  particles,  the  joining  wave 
will  stop  and  sweep  around  the  particle,  hermetically 
sealing  it  into  the  joined  interface.  This  is  known  as 
a  void.  While  voids  do  not  exist  on  commercially 
produced  bonded  wafers,  it  is  interesting  to 
understand  them  for  reliability  purposes.  Silicon  is 
very  stiff  material  and  will  not  conform  to  the 
particle  entrapped  at  the  interface,  but  will  “tent- 
over”  the  particle  creating  a  void,  which  is  three  or 
four  orders  of  magnitude  greater  than  the  particle 
size.  In  other  words,  a  lum  particle  creates  a  void, 
which  is  about  1mm  in  diameter. 

2.2  Bonding 

After  the  two  surfaces  are  joined,  they  are  heated  to 
allow  covalent  bonding  of  the  two  surface  materials 
resulting  in  a  permanent,  void  free  interface.  As  the 
two  surfaces  are  heated  and  chemically  bond,  the 
water  molecules,  which  were  holding  the  two 
surfaces  together,  coalesce  into  water  droplets  and 
migrate  away  from  the  interface. 

There  are  basically  three  types  of  bonding  within  the 
silicon  system.  These  are  oxide  bonding,  in  which 
one  or  both  surfaces  have  a  thermally  grown  oxide, 
hydrophilic,  in  which  both  wafers  have  bare 
hydrophilic  surfaces  and  hydrophobic  in  which  both 
wafers  have  bare  hydrophobic  surfaces. 

2.2.1  Oxide  Bonding 

If  one  of  the  surfaces  is  an  oxide,  the  water 
molecules  diffuse  into  the  oxide  allowing  the  silicon 
and  oxide  surfaces  to  bond.  In  this  case,  a  voidless 


wafer,  as  joined,  will  remain  voidless  during  and 
after  bond. 

2.2.2  Hydrophilic  Bonding 

If  the  surfaces  are  hydrophilic,  the  wafers  will  join 
with  a  strong  joining  wave.  However,  because  the 
surfaces  are  not  water  permeable,  the  water 
molecules  at  the  interface  must  diffuse  across  the 
interface  and  exit  at  the  edge  of  the  wafer. 

Even  if  the  wafer  is  voidless  as  joined,  at  about 
400C,  a  dense  array  of  “voids”  form  across  the 
wafer.  These  voids  are  two  dimensional  water 
droplets  which  have  agglomerated  and  which  then 
migrate  across  the  wafer  exiting  from  the  edge. 
These  voids  clear  first  in  the  middle  and  then  the 
voidfree  area  spreads  toward  the  edge  of  the  wafer. 
The  temperature  at  which  the  wafers  become  void 
free  is  a  strong  function  of  wafer  surface  roughness. 

After  the  wafer  expels  the  interfacial  water  and 
again  become  voidless,  the  interface  is  composed  of 
a  thin  oxide,  which  was  the  native  oxide  on  the 
wafers  prior  to  joining.  At  higher  temperatures,  this 
oxide  also  agglomerates,  forming  into  islands  of 
oxide.  Outside  these  islands,  the  two  silicon  layers 
are  directly  bonded  together. 

An  example  of  this  is  shown  in  the  following 
photoluminescense  plan  view  image  of  the  bonded 
interface  (fig  2)  courtesy  of  BioRad,  UK. 


Fig  2  Photoluminescense  Plan  View  of 
Hydrophilically  Bonded  Wafer. 
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In  this  image  the  thick  oxide  islands  are  shown  as 
white  in  a  dark  background.  After  a  sufficient 
anneal  the  entire  interface  becomes  oxide  free. 

2.2.3  Hydrophobic  Bonding 

If  the  surfaces  are  hydrophobic,  the  wave,  if  it 
exists,  will  be  weaker.  The  existence  of  a  joining 
wave,  in  the  absence  of  water  vapor  at  the  surface,  is 
a  matter  of  debate.  Like  the  hydrophilic  case, 
heating  the  wafer  results  in  water  agglomeration  and 
“voids”.  These  voids  clear  at  a  lower  temperature 
than  the  hydrophilic  case  and  higher  temperature 
does  not  improve  the  bond  as  in  the  case  of  the 
hydrophilic  case.  This  is  probably  because  of  the 
lack  of  a  native  oxide. 

3.  Pre-Processed  Wafers 

There  are  a  number  of  applications  in  which  it  is 
desired  to  process  the  device  wafer  prior  to  bonding 
The  simplest  example  of  this  is  to  implant  the  wafer 
and  thus  create  a  buried  layer.  However  this  can 
also  include  deposited  films,  cavities  and  other 
processing. 

The  bonding  of  doped  layers  requires  special  care  as 
many  standard  cleaning  solutions  interact  with  the 
diffused  layer  resulting  in  voids.  This  is  function  of 
specie  and  dose. 

Patterned  buried  layers  present  additional  challenges 
of  surface  topology.  The  implantation  doping  step 
results  in  a  volume  expansion  and  surface  step. 

With  careful  attention  to  the  surface,  it  is  possible  to 
routinely  achieve  successful  bonding  on  even 
extensively  pre-processed  wafers. 

Fig  3  is  a  plan  view  SEM  of  a  pre-processed  wafer 
which  has  been  polished  back  almost  to  the  buried 
oxide  showing  a  void  free  bond.  This  wafer  had  a 
deep  N-  and  P-  diffusion,  followed  by  a  deep  N+ 
and  P+  diffusion  followed  by  a  shallow  N+  and  P+ 
implant.  This  wafer  was  processed  through  7  photo 
steps,  and  two  high  temperature  diffusions.  In  the 
photo,  the  dark  lines  are  from  a  trench,  the  clear 


Fig  3  Preprocessed  Wafer  Thinned  to  Sub-Micron 
Thickness  Showing  Voidless  Bonding  and  Doping 
Profiles. 

areas  are  the  N  areas,  the  light  gray  areas  are  the 
shallow  P+  and  the  dark  areas  are  the  deep  P+  areas. 
The  polishing  process  decorates  these  P-type  areas. 

4.  Buried  Thin  Film  Materials 

There  are  a  number  of  potential  improvements  on 
the  SOI  structure.  These  include  higher 
conductivity,  both  electrical  and  thermal,  as  well  as 
improved  optical  properties. 

4.1  Buried  Silicides 

Forming  a  silicide  layer  between  the  top  silicon 

layer  and  the  buried  oxide  can  have  a  number  of 

interesting  applications(l-7).  This  layer  can  provide 

a  low  electrical  resistance  path  for  vertical  current 

flow,  high  optical  reflectivity  and  a  “channel”  for 

doping. 

A  TEM  cross-section  of  a  bonded  Silicon-Silicide- 
SOI  (S2OI),  courtesy  of  DERA,  Malvern,  UK  is 
shown  in  Fig  4. 
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Fig  4  Cross-Sectional  TEM  of  Bonded  Silicon- 
Silicide  SOI  Structure. 


problem,  a  layer  of  polysilicon  is  deposited  on  to  the 
diamond  and  then  polished  producing  a  bondable 
interface. 


Fig  5  Cross  Sectional  SEM  of  a  SOD,  Silicon  On 
Diamond  Bonded  Wafer. 


This  technique  is  demonstrated  in  fig  5,  courtesy  of 
Chamlers  University,  Sweden.  The  rough  diamond 
surface  is  smoothed  by  the  polysilicon,  which  is 
then  polished  and  bonded  to  the  handle  wafer. 

Complete  MOS  circuits  have  been  fabricated  on  this 
SOD  (Silicon  On  Diamond)  with  excellent  results. 
The  higher  thermal  conductivity  of  the  SOD  device 
was  clearly  demonstrated  in  the  device 
characteristics. 


The  silicide  in  this  case  is  tungsten  silicide,  WSi. 
WSi  silicide  was  chosen  because  it  is  refractory, 
stable  and  can  be  deposited  from  commercially 
available  CVD  equipment.  The  silicide  was  first 
deposited  onto  the  device  wafer  and  then  the  silicide 
layer  was  wafer  bonded  to  the  oxidized  handle 
wafer. 

4.2  Improved  Dielectric 

One  of  the  limitations  of  the  SOI  structure  is  the 
very  limited  thermal  conductivity  of  the  buried 
thermal  silicon  dioxide  layer.  Alternative  materials 
such  as  diamond,  sapphire  (A1203)  and  aluminum 
nitride  (AIN)  have  been  investigated.  Diamond 
offers  a  1000  times  improvement  over  silicon 
dioxide  in  terms  of  thermal  conductivity.  AIN  is  100 
and  sapphire  is  20  times  better. 

Diamond  appears  to  offer  the  most  promising 
alternative  to  silicon  dioxide  and  CVD  techniques 
for  depositing  diamond  are  now  becoming  available. 
However,  the  surfaces  are  very  rough,  in  the  order 
of  lOnm,  and  thus  will  not  bond.  To  overcome  this 


5.  Non-Silicon  Semiconductors 

In  addition  to  the  bonding  of  non-silicon  based 
materials  such  as  tungsten  silicide  and  diamond, 
other  semiconductor  are  also  bondable.  These  are 
most  notably  the  III-V  and  II-VI  materials  such  as 
GaAs,  InP  and  their  compounds. 

Currently  an  area  of  great  interest  is  not  in  bonding 
compound  semiconductors  to  each  other  but  to 
silicon.  This  allows  the  unique  features  of  the 
compound  semiconductors  to  be  combined  with  the 
economy  and  scale  of  silicon  technology. 


Fig  6  Schematic  of  PIN  Detector. 
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Fig  7  Cross  Sectional  TEM  of  PIN  Detector 
Bonded  Interface 

A  simple  example  of  this  is  the  PIN  detector  shown 
in  Fig  6,  courtesy  of  Ciena  Corp. 

The  bonding  interface  is  between  the  InGaAs  layer 
and  the  silicon  substrate.  As  seen  in  the  cross- 
sectional  TEM,  Fig  7,  this  is  a  voidless  bond  without 
an  interfacial  layer. 

6.  Epoxy  Bonding 

While  room  temperature  gluing  of  wafers  is  not 
considered  a  form  of  bonding,  I  mention  it  because 
wafer  bonding  has  resulted  in  an  interest  in  “layer 
transfer”  which  is  assisted  by  epoxy  bonding.  It  has 
only  been  recently  possible  to  form  a  thin,  voidless, 
continuous  adhesive  layer  between  the  finished  SOI 
wafer  and  a  substrate  such  as  glass. 


meowac 


Fig  8  SOI  Layer  Transferred  Onto  Glass  Wafer  and 
Laid  on  Newsprint. 


After  a  circuit  is  build  on  an  SOI  wafer,  it  may  be 
desirable  to  “detach”  it  from  the  handle  wafer,  using 


the  buried  oxide  as  an  etch  stop.  In  order  to 
accomplish  this,  the  front  side  of  the  wafer  must 
first  be  glued  onto  a  suitable  substrate. 

An  example  of  an  SOI  circuit  which  was  glued  onto 
a  glass  substrate  and  then  had  the  handle  wafer 
removed  is  shown  in  Fig  8.  This  photo,  courtesy  of 
IMEC,  Belgium,  shows  the  circuit  sitting  on  a 
printed  page.  This  technique  shows  great  promise 
for  optical  devices,  microwave  devices  and  high 
density  packaging. 

7.  MST/MEMS 

No  discussion  of  bonded  wafer  thick  film  SOI 
would  be  complete  with  a  discussion  of  micro¬ 
machining.  Single  crystal  silicon  is  an  excellent 
mechanical  material  and  the  buried  oxide  provides 
controlled  undercutting  of  beams,  etc.  Bonded 
wafer  MST  devices  are  used  in  applications  ranging 
from  high  performance  gyroscopes  for  space 
applications  to  airbag  sensors  in  automotive 
products. 


Fig  9  Self  Assembled  3-D  Device 


An  advanced  version  of  MST  design  is  shown  in  Fig 
9,  courtesy  of  Imperial  College  London,  UK.  In  this 
structure,  2-D  plates  are  formed  in  the  thick  film 
bonded  SOI  and  then  lifted  vertically  using  specially 
designed  hinges.  It  is  projected  that  complete 
micro-machines  will  be  constructed  using  these 
techniques. 

8.  Conclusion 

In  conclusion,  wafer  bonding  technology  has  been 
applied  to  an  ever  widening  variety  of  applications 
and  materials  that  go  far  beyond  the  original  ideas  of 
the  inventors.  It  is  rapidly  becoming  just  one  more 
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process  in  the  “tool  box”,  similar  to  oxidation,  12.  Electronic  Design,  July  13,  1989  “Direct  Wafer 

diffusion  and  implantation.  This  widespread  Bonding  Builds  Rugged  Rectifiers” 

acceptance  of  the  technology  will  mean  that  it  will 
continue  to  grow  and  evolve. 


References 

1.  R.  Wilson,  C.  Quinn,  B.  McDonnell,  S. 
Blackstone  and  K.  Yallup,  “Bonded  and 
Trenched  SOI  with  Buried  Silicide  Layers”  in 
Electrochem.  Soc  Proc.  Vol  95-7,  p535 

2.  K.  Yallup,  R.  Wilson,  C.  Quinn,  B.  McDonnell 
and  S.  Blackstone,  “Buried  WSi  SOI  Structure”, 
1995  IEEE  Inf  1  SOI  Conf.  P  137 

3.  V.  Nayar  et  al,  “Bonded  Silicon  Silicide  on 
Insulator  (S20I):  A  Study  of  Chemical, 

Physical  and  Optical  Properties  for  Advanced 
Device  Fabrication”,  In  4th  Semiconductor 
Bonding  Symp.  192  Electrochem,  Soc  Conf, 
Paris,  Sept  97 

4.  S.  Lizotte,  W.  Cantarini,  C.  Quinn,  A.  Nevin 
and  S.  Blackstone  “Silicided  Buried  Layer 
Smart  Power  Process”  4th  Semiconductor 
Bonding  Symposium,  192  Electrochem,  Soc 
Conf.  Paris  Sept  97 

5.  S.B.  Goody,  P.H.  Saul,  “A  fully  Oxide  Isolated 
Bipolar  Transistor  Integrated  Circuit  Process”, 
Electrochem  Soc  Vol  95-1,  May  95 

6.  W.L.  Goh,  J.H.  Montgomery,  S.H.  Raza,  B.M. 
Armstrong  and  H.S.  Gamble  “Electrical 
Characterization  of  Dielectrically  Isolated 
Silicon  Substrates  Containing  Buried  Metallic 
Layers”,  IEEE  Electron  Devices 

7.  W.L.  Goh,  D.L.  Campbell,  B.M.  Armstrong  and 
H.S.  Gamble,  “Buried  Metallic  Layers  with 
Silicon  Direct  Bonding”,  Electrochem  Soc  95- 
7,’95 

8.  K.  Hermansson  and  S.  Blackstone  “Bonded 
Wafers  for  Use  in  MEMS  Manufacturing”, 
Micro  Structure  Workshop  ’98 

9.  M.  DeCourcy,  J.C  Alderman,  S.  Blackstone,  H. 
Gamble,  “A  Comparison  of  Bipolar  Devices  on 
Bonded  and  Trenched  Wafers  with  Junction  and 
Trench  Isolated  Bulk  Wafers”,  Electrochem  Soc 
3rd  Semiconductor  Bonding  Symposium  ’95 

10.  S.  Blackstone  “Mechanical  Thinning  for  SOI” 
3rd  Semiconductor  Bonding  Symposium  ’95 

11. K.  McStay,  F.  Smoot,  D.  Hariton,  K  Egan,  D. 
Irvine,  G.  Brown.  P.  Edwards,  S.  Blackstone 
and  H.  Gamble,  “A  Commodity  Analog  Process 
Based  on  Bonded  Wafers”,  Electrochem  Soc  3rd 
Semiconductor  Bonding  Symposium. 


ELSEVIER 


Microelectronic  Engineering  48  (1999)  319-326 


MICROELECTRONIC 

ENGINEERING 


www.elsevier.nl  /  locate  /  mee 


Physics  and  characterization  of  transient  effects  in  SOI  transistors 


a  b 

A.L.  Lacaita  and  L.M.  Perron 

aDEI,  Politecnico  di  Milano,  Piazza  L.  Da  Vinci  32  —  20133  Milano  (Italy) 
bSTMicroelectronics,  Via  Olivetti,  2  -  20041  Agrate  Brianza  (Italy) 

The  work  reviews  the  physics  of  transient  floating-body  effects  in  SOI  devices  and  gives  some  examples  of 
their  impact  on  circuit  performance. 


1.  INTRODUCTION 

As  CMOS  technology  advances  beyond  sub¬ 
quarter  micron,  the  performance  gain  achievable 
from  scaling  tapers  off.  Short  channel  effects  and 
limitations  in  thinning  the  gate  oxides  below  3nm 
narrow  down  the  improvements  for  each  new 
generation  step  [1].  On  the  other  side,  the  reduction 
of  the  parasitic  capacitances  achievable  with  the 
adoption  of  SOI  technology  and  the  improved 
conductivity  of  copper  interconnections  makes  it 
possible  to  attain  a  20-35%  performance  benefit  over 
bulk  CMOS  technologies  with  the  same  minimum 
feature  size.  Pushed  up  by  these  figures,  in  the  last 
years  major  efforts  have  been  devoted  to  the 
demonstration  of  SOI  high  performance  circuits. 
Recently,  microprocessors  have  been  fabricated  on 
SOI  substrates  by  IBM  and  Samsung  [2-4],  16Mb 
SOI-DRAM’s  have  been  reported  [5,6]  and 
operation  has  been  demonstrated  below  1.0V  [6]. 

Due  to  their  better  threshold  control  and  scalability 
properties,  partially  depleted  (PD)  SOI  MOSFET’s 
have  attracted  more  interest  than  fully  depleted  (FD) 
devices.  However,  as  these  devices  are  usually 
operated  with  the  body  floating,  peculiar  effects 
arise  [7].  The  substrate  current  flows  through  the 
source/body  diode,  leading  to  a  forward  bias  of  the 
source/body  junction  and,  via  the  body  effect,  to  a 


reduction  of  the  MOSFET  threshold  voltage,  VT. 
Sect.2  is  devoted  to  a  brief  review  of  these  DC 
effects. 

The  floating  body  is  also  capacitively  coupled  to 
the  MOSFET  terminals.  During  circuit  operation, 
any  voltage  transient  causes  a  fluctuation  of  the 
body  potential,  making  the  threshold  of  digital  gates 
dependent  on  the  specific  signal  waveform  (rise  and 
fall  times,  duty  cycle,  etc...)  and  on  whether  the 
circuit  was  quiescent  for  a  long  time  or  running  for  a 
while.  The  prediction  of  the  circuit  operation 
becomes  therefore  more  complex.  The  most 
important  features  of  the  body  transients  are 
discussed  in  Sect.3,  while  Sect.4  deals  with  the 
transients  in  the  basic  MOS  inverter.  The  history 
dependence  of  the  threshold  voltage  and  of  the 
propagation  delay  together  with  the  increased 
leakage  of  the  pass-transistor  in  dynamic  circuits  are 
addressed  in  Sect.  5. 

Due  to  these  effects  the  use  of  PD-SOI  devices  in 
ULSI  applications  has  been  questioned  for  a  while 
and  the  addition  of  body  ties  to  the  source  terminal 
has  been  proposed  and  studied  [8-11].  The  adoption 
of  body  ties  is  certainly  needed  for  analog 
applications  that  require  high  gain  and  are  very 
sensitive  to  disturbances  collected  by  the  body  and 
to  harmonic  distortion.  However,  in  digital  circuits 
the  body  ties  consume  extra  area  and  add  complexity 
to  layout  and  fabrication.  The  alternative  to  the 
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vDS[V] 

Figure  1.  Output  characteristics  of  a  PD-SOI 
MOSFET  with  L=lpm  measured  leaving  the  body 
floating  (FL)  and  tied  to  the  source  (TD).  The 
dashed  line,  referred  to  the  scale  on  the  right  vertical 
axis,  shows  the  body  potential  in  the  floating  body 
configuration. 

extensive  use  of  body  ties  is  to  modify  the  circuit  in 
order  to  cope  with  the  floating  body  effects. 
Nowadays,  advanced  SPICE-like  models  of  SOI 
devices  are  available  [12,13]  and  circuit  operation 
can  be  reliably  simulated.  In  addition,  floating  body 
effects  can  be  minimized  by  properly  tailoring  the 
device  structure.  Technological  details  like  the 
silicon  film  thickness,  halo  doping,  source/drain 
extensions  and  so  forth,  can  help  to  alleviate 
parasitic  bipolar  effects  and  reduce  the  impact  of 
threshold  and  propagation  delay  uncertainties  within 
the  tolerances  usually  adopted  to  accommodate 
process,  bias  and  temperature  variations  [14].  Today, 
the  use  of  body  contacts  is  therefore  limited  only  to 
a  few  critical  circuits,  like  sense  amplifiers. 


2.  DC  FLOATING  BODY  EFFECTS 

Figure  1  shows  the  typical  Ids-Vds  curve  of  an  SOI 
device  with  V?  =0.6V.  When  the  body  is  externally 
contacted  and  tied  to  the  source  (tied  body 
configuration  -  TD)  the  transistor  behaves  like  a 
bulk  device.  When  the  body  is  left  floating  (FL)  the 
drain  current  increases,  also  at  low  VDs.  The  effect  is 
due  to  holes  thermally  generated  at  the  body-to-drain 
junction  and  collected  in  the  body.  Due  to  this 
excess  of  carriers,  the  body  potential  rises  thus 
lowering  the  Yj.  The  dashed  line  shows  the  VBs 
value  as  directly  measured  on  the  sample. 


Figure  2.  Subthreshold  characteristics  of  a  0.24pm 
PD-SOI  MOSFET  measured  in  the  tied-body  (TB) 
and  floating  body  (FB)  configurations  [1]. 


For  Vds>0.9V  impact  ionization  at  the  drain  end 
begins  to  take  place.  More  holes  are  generated,  VBs 
increases  further,  VT  decreases  and  the  drain  current 
swiftly  rises.  The  so-called  current  kink  shows  up. 
Note  that  in  conventional  MOSFET’s  impact 
ionization  becomes  evident  when  the  potential  drop 
at  the  drain  end  (i.e.  VDs-VDSsat)  is  at  least  equal  to 
1.1V,  corresponding  to  an  energy  drop  equal  to  the 
silicon  band-gap.  From  the  curve  in  Figure  1, 
measured  at  VGs=0.8V,  VDSsa-0.2V.  Impact 
ionization  is  therefore  expected  to  become  evident 
for  Vds=1.3V.  The  kink  instead  occurs  at  VDS=0.9V. 
The  presence  of  an  internal  amplification  mechanism 
makes  the  floating  body  devices  very  sensitive  to 
avalanche  multiplication.  At  VDS=1.0V  the  substrate 
current  is  about  lOOfA,  corresponding  to  a 
multiplication  coefficient  of  the  transistor  current 
less  than  10'8.  Even  if  extremely  low,  this  current  is 
sufficient  to  cause  a  0.1V  change  of  the  VBs  value, 
that  via  the  body  coefficient  leads  to  a  30%  increase 
in  the  drain  current. 

Figure  2  shows  the  effect  of  the  floating  body  on 
the  subthreshold  characteristics  [1].  Again,  when  the 
body  is  tied  to  source,  the  device  behaves  as  a  bulk 
MOSFET.  As  VDS  increases  from  50mV  to  2.5V 
Drain  Induced  Barrier  Lowering  (DIBL)  makes  the 
subthreshold  characteristic  shift  to  the  left.  If  the 
body  is  left  floating,  the  VT  reduction  due  to  the 
body  effect  adds  up  to  DIBL  and  the  off-state 
current  increases  by  almost  two  orders  of  magnitude. 
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In  1997  a  study  from  Intel  [15]  concluded  that,  due 
to  the  floating  body  effect,  no  speed  and 
insignificant  power  advantage  over  bulk  can  be 
expected  for  PD-SOI  devices  as  the  channel  length 
is  scaled  below  0.25pm.  The  authors  argued  that  the 
PD/MOSFET  requires  a  VT  higher  than  bulk  devices 
in  order  to  comply  with  the  InA/pm  Ioff  limit,  thus 
impairing  the  circuit  performance.  However  a  major 
effect  was  neglected  in  that  analysis.  The 
temperature  coefficient  for  the  VBs  is  negative,  as 
typically  happens  for  the  voltage  drop  across  any 
forward  biased  junction  [16].  It  follows  that,  even  if 
at  room  temperature  PD-SOI  may  have  Ioff  values 
higher  than  bulk  devices,  at  the  operating 
temperature  (between  55  and  85°C)  the  Ioff  values 
can  be  much  closer.  Table  1  shows  the  predicted 
performance  of  a  0.11pm  n-MOSFET  with  a  VT  of 
0.4V  [16].  Increasing  the  temperature,  the  ratio 
between  Ioff  in  the  FB  and  TD  configurations 
decreases.  Moreover,  the  gap  can  be  further 
narrowed  down  well  below  one  order  of  magnitude 
by  increasing  the  recombination  current  at  the 
body/source  junction,  via  defects  created  by  ion 
implantation  [17]. 


T(°C) 

AVTFB(mV) 

Ioff(FB)/IofftTD) 

27 

219 

232 

55 

168 

43 

85 

105 

9 

100 

80 

5 

Table  1.  Dependence  on  temperature  of  the 
additional  VT  lowering  due  to  the  floating  body 
effect  (AVtfb)  and  of  the  ratio  between  the  off-state 
currents  in  the  floating  body  and  in  the  tied-body 
configurations.  The  values  refers  to  a  0.11pm  n- 
MOSFET  with  a  VT=0.4V  [16]. 

In  summary,  careful  device  engineering  can  reduce 
the  Ioff  penalty  of  PD-SOI  devices.  Optimized  PD- 
SOI  sub-quarter  micron  technologies  have  been 
already  developed,  featuring  Ioff  values  very  close  to 
bulk  performance  [18]. 

3.  FLOATING  BODY  TRANSIENTS 

During  circuit  operation,  the  body  potential 
follows,  by  capacitive  coupling,  the  voltage 
transients  at  the  device  terminals.  The  most 
important  features  of  the  transients  can  be  described 


Figure  3.  Transients  of  the  drain  current  measured 
by  switching  on  the  gate  from  0V  to  0.8V  on  a  PD- 
SOI  n-MOSFET.  The  drain  bias  is  labeled  for  each 
curve  [19]. 


Figure  4.  Transients  of  the  drain  current  in  a  PD-SOI 
n-MOSFET  when  the  gate  is  switched  off  from  0.8V 
to  0.2V.  The  drain  bias  is  labeled  for  each  curve  [19]. 

referring  to  a  simple  case:  the  switching  of  a  PD-SOI 
MOSFET  with  the  source  grounded  and  the  drain 
held  at  a  constant  bias  [19,20].  When  a  turn-on 
voltage  step  is  applied  to  the  gate,  the  body  potential 
rises,  capacitively  following  the  gate  signal,  until  the 
inversion  channel  builds  up.  The  VT  value  lowers 
correspondingly,  thus  increasing  the  device  current 
capability. 

Figure  3  shows  the  transient  of  the  drain  current 
induced  by  switching  the  gate  on  from  0V  to  0.8V. 
The  drain  bias  is  labeled  for  each  curve.  The  excess 
holes,  stored  in  the  body  soon  after  the  turn-on,  is 
removed  in  several  seconds  by  recombination 
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through  the  source/body  diode.  As  VDs  increases,  the 
VBS  value  reached  at  steady-state  increases  and  the 
transient  shortens  progressively.  Figure  4  shows  the 
corresponding  switch-off  transients.  In  this  case  the 
body  potential  decreases,  following  the  gate  signal. 
The  VT  value  increases  and  the  drain  current 
undershoots,  well  below  the  steady  state  off-state 
value.  The  lack  of  holes  generated  in  the  body  is 
then  recovered  by  carrier  generation.  In  the 
measurements  in  Figure  4  the  gate  signal  was 
switched  from  0.8  to  0.2V  and  not  to  ground  in  order 
to  have  a  measurable  I0ff.  We  may  therefore 
conclude  that  the  capacitive  coupling  between  the 
body  and  the  gate  is  beneficial,  since  it  dynamically 
increases  the  on-state  current  and  suppresses,  at  the 
switch-off,  the  off-state  current,  pulling  down  the 
body  potential. 

When  the  device  is  continuously  switched  the 
average  VBs  slowly  approaches  a  steady-state  value 
set  by  the  balance  between  generation  and 
recombination  processes  (Figure  5).  When  the 
device  is  turned  on,  the  gate  pulls  up  the  body 
potential.  However  carrier  recombination  during  the 
on  state  is  more  effective  than  generation  during  the 
off  state  and  the  average  body  potential, 
progressively  decreases. 

The  transient  changes  when  VDS  is  biased  into  the 
kink  region  and  impact  ionization  takes  place.  The 
corresponding  VBs  transient  is  schematically  shown 
in  Figure  6.  Following  the  gate  turn-on,  VBs  rises 
and  more  holes  are  generated  at  the  drain  side  by 
impact  ionization.  Note  the  rise  of  the  body  charge 
when  the  device  is  turned  on  (dashed-line). 


TIME  (ns) 

Figure  5.  Schematic  transients  of  the  hole  charge  in 
the  body  (dashed  line)  and  of  the  body  potential 
(solid  line)  in  a  PD-SOI  n-MOSFET  under 
continuous  switching  operation.  The  device  is 
biased  in  a  region  where  impact  ionization  is 
negligible. 


At  the  switch-off,  VBS  is  pulled  down,  following 
the  gate  waveform.  However  it  does  not  reach  the 
previous  value.  An  excess  of  holes  progressively 
builds  up  in  the  body  until  a  steady  state  condition  is 
reached,  when  the  forward  current  through  the 
source/body  diode  balances  impact  ionization. 

Even  if  the  curves  in  Figures  5  and  6  refer  to  a 
quite  simple  case,  they  highlight  some  general 
features  of  the  floating  body  effects:  i)  The 
capacitive  coupling  to  the  gate  is  beneficial.  It 
lowers  the  VT  value  at  the  switch-on,  thus  increasing 
the  current  delivered  to  the  load,  ii)  The  average 
body  potential  depends  on  the  switching  history  of 
the  device,  therefore  the  Vj  value  is  not  precisely 
defined.  This  effect  causes  variations  of  both  the 
switching  threshold  and  the  pulse  propagation  delay 
in  digital  circuits,  iii)  When  impact  ionization  takes 
place,  hole  charge  builds  up  in  the  body  and  the 
steady  state  VBs  reached  in  switching  operation  is 
high.  The  I0ff  current  can  be  significantly  increased 
with  respect  to  the  DC  Ioff  quoted  in  Figure  2  and 
Table  1. 


TIME  (ns) 

Figure  6.  Schematic  transients  of  the  hole  charge  in 
the  body  (dashed  line)  and  of  the  body  potential 
(solid  line)  in  a  PD-SOI  n-MOSFET  under 
continuous  switching  operation.  The  device  is  biased 
in  a  region  where  impact  ionization  takes  place. 

4.  THE  INVERTER  OPERATION 

Similar  transients  take  place  in  the  inverter  stage, 
the  only  difference  being  the  additional  presence  of 
the  coupling  between  the  body  and  the  voltage 
swing  at  the  drain  [21].  Figure  7  schematically 
shows  the  resulting  transients  of  the  body  potential 
in  the  n-MOSFET  of  a  CMOS  SOI  inverter  biased  at 
1.8V.  The  highest  peaks  correspond  to  the  leading 
edge  of  the  gate  waveform.  As  the  gate  is  switched 
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Figure  7.  Transients  of  the  hole  charge  in  the  body 
(dashed  line)  and  of  the  body  potential  (solid  line)  in 
the  n-MOSFET  of  a  CMOS  PD-SOI  inverter  [21]. 


on  the  body  potential  rises.  However,  after  a  few 
hundreds  of  picoseconds  the  drain  potential  falls  and 
VBS  is  pulled  down.  In  Figure  7,  the  supply  voltage 
is  supposed  to  be  high  enough  for  impact  ionization 
to  take  place.  Therefore  while  the  drain  voltage  is 
high  the  hole  charge  stored  in  the  body  steeply 
increases  (dashed  curve  in  Figure  7). 

Also  in  this  case  the  steady-state  body  potential 
depends  on  the  details  of  the  voltage  waveform  (i.e. 
rise  and  fall  times,  duty  cycle),  however  the  results 
in  Figure  7  highlight  the  effects  of  the  coupling 
between  the  body  and  the  drain.  If  the  capacitive 
coupling  to  the  drain  is  strong  (as  in  Figure  7)  the 
VBS  swings  driven  by  the  drain  transients  exceed 
those  due  to  the  gate  waveform.  It  follows  that, 
when  the  device  is  off,  the  VBS  value  is  pulled  up  by 
the  high  drain  bias.  The  Ioff  value  is  therefore 
increased,  and  VT  decreases.  The  opposite  happens  if 
the  gate  coupling  is  dominant  and  the  VBs  transients 
approach  the  waveform  in  Figure  5. 

The  ratio  between  the  gate/body  and  the 
gate/source  capacitance  mainly  depends  on  the 
channel  length  and  the  silicon  film  thickness.  By 
increasing  the  latter,  the  VBS  swings  due  to  the  gate 
signal  decrease  and  the  VBS  transient  becomes 
similar  to  the  one  in  Figure  6.  Figure  8,  taken  from 
Ref. [22],  shows  the  VT  dependence  in  a  0.2pm  PD- 
SOI  device.  By  changing  the  silicon  thickness,  the 
channel  doping  and  the  DC  VT  value  were  chosen  to 
have  a  DC  Ioff  of  lnA/jam  at  VDS=1.8V.  For  a 
thickness  larger  than  50nm,  the  device  is  partially 
depleted.  The  solid  line  shows  the  VT  value  of  the 
devices,  when  they  are  held  off  for  a  long  time.  In 
this  case  VBS  is  0.2-0.3V,  since  the  body  is  charged 
by  avalanche  multiplication  of  the  weak  off-state 


current.  The  dashed  line  is  instead  the  VT  when 
VDs==0  for  a  long  time  and  the  body  reaches  the 
equilibrium  with  the  source  side.  The  dotted  line 
shows  the  VT  value  reached  at  steady  state  when  the 
inverter  is  continuously  switched  by  a  square  wave. 
As  expected  the  steady  state  VT  decreases  with 
increasing  silicon  thickness.  As  a  general  mle,  in 
order  to  minimize  threshold  variations  and  the 
related  circuit  problems,  the  device  should  be 
designed  in  order  to  keep  as  close  as  possible  the 
three  VT  values. 

As  the  film  thickness  is  reduced  below  50nm  the 
SOI  MOSFET  becomes  fully  depleted.  Note  that 
also  FD-SOI  suffers  from  carrier  storage  in  the  body 
and  corresponding  floating  body  effects.  These 
effects  disappear  only  in  FD-SOI  with  very  narrow 
silicon  films  [22]. 

It  is  evident  how  the  floating  body  effects  make 
complex  the  optimization  of  an  SOI  technology, 
adding  further  interactions  between  the  different 
aspects  of  the  device  structure.  For  example  the 
increase  of  the  halo  doping  does  not  only  affect  the 
short  channel  performance,  but  also  the  capacitive 
coupling  of  the  body  to  the  source  and  the  drain,  as 
well  as  the  IV  characteristic  of  the  source/body 
junction,  with  a  direct  impact  on  the  VT  variations. 


Figure  8.  The  threshold  voltage  dependence  on  the 
silicon  film  thickness  in  a  0.2pm  PD-SOI  device. 
The  solid  line  represents  the  VT  values  when  the 
device  is  held  off  for  a  long  time  with  the  VDS  at 
1.8V,  the  dashed  line  is  instead  the  VT  reached  when 
VDS=0  for  a  long  time.  The  dotted  line  shows  the  VT 
value  at  steady  state  when  the  inverter  is 
continuously  switched  by  a  square  wave  [22], 
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Figure  9.  Leading  edge  of  a  voltage  pulse  as 
measured  at  the  input  and  at  the  output  of  an 
inverter  chain.  The  period  values  refer  to  the  time 
interval  between  two  subsequent  pulses  [14]. 

5.  IMPACT  ON  CIRCUITS 

In  digital  circuit,  the  history  dependence  of  the 
threshold  voltage,  may  lead  to  racing,  instabilities 
and  logic  errors.  Let  us  consider,  for  example,  the 
impact  on  the  operation  of  a  simple  inverter  chain 
[23,24].  If  the  input  to  the  inverter  chain  has  been 
idle  for  a  long  time  at  the  low  level,  the  first  stage 
nMOS  (input  low,  output  high)  has  a  VBs  value  of 
0.2-0.3V,  and  therefore  low  VT.  The  same  happens 
for  all  the  n-MOS  devices  of  the  odd-stages  and  in  a 
complementary  fashion  for  the  p-MOS  of  the  second 
stage  and  for  the  p-MOS  of  all  the  even-stages.  On 
the  contrary,  the  devices  in  the  on  state  (n-MOS  of 
the  even-stages  and  p-MOS  of  the  odd-stages)  have 
VDS=0  and  therefore  VBS=0V.  In  summary  the 
devices  in  the  off  state  have  lower  threshold  values. 
When  the  input  pulse  rises,  the  rising  edge  of  the 
input  pulse  propagates  down  the  chain  faster.  Figure 
9  shows  experimental  evidence  of  such  an  effect  that 
may  be  also  summarized  by  saying  that  idle  circuits 
switch  faster  [14].  If  the  period  between  two 
subsequent  pulses  is  long  enough  (10ms)  the  body 
potential  of  the  off-state  devices  reaches  the  idle 
steady  state  conditions.  As  the  period  decreases,  the 
difference  between  the  body  potential  of  the  on  and 
off  devices  is  reduced  and  the  leading  edge 
propagates  slowly. 

The  opposite  happens  to  the  trailing  edge  of  the 
pulse.  If  the  inverter  chain  is  idle  for  a  long  time,  the 
devices  contributing  to  the  propagation  of  the  falling 
edge  are  those  with  the  higher  threshold. 


Figure  10.  Stretching  of  a  pulse  propagating 
through  an  inverter  chain.  The  input  pulse  width  is 
10ns  [23],  the  output  width  depends  on  pulse 
frequency. 

It  follows  that  the  falling  propagates  slower  than  the 
leading  edge  and  the  pulse  stretches  (Figure  10). 
Also  this  pulse  effect  depends  on  the  input 
frequency.  As  the  input  frequency  increases,  the 
pulse  stretching  decreases,  as  there  is  no  time  for 
devices  to  recover  the  initial  quiescent  condition. 

However,  in  optimized  PD-SOI  the  history 
dependence  of  the  propagation  delay  is  minimal. 
The  switching  delay  measured  on  open  chain 
structures  shows  less  than  5%  variation  in  inverter, 
NAND  and  NOR  circuits  [14]  and  is  not  the  main 
source  of  delay  uncertainty  in  complex  circuits  like 
microprocessors.  Table  2  shows  that  across  chip  line 
width  variation  and  changes  in  supply  voltage  and 
temperature  can  cause  a  delay  variation  of  15-20%, 
larger  than  that  due  to  floating  body  [14]. 


Major  causes  of  delay 
uncertainty 

%  Delay  variation 

Floating-body  effects 

8% 

Line  width  variations 

15-20% 

10%  change  in  Vdd 

10-20% 

Temperature  (25-85 °C) 

15-20% 

Table  2.  Sources  of  delay  uncertainties  in  digital 
logic  circuits  [14]. 
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Delay  variations  due  to  the  floating  body  can  be 
therefore  accommodated  within  the  same  design 
margins  already  adopted  to  account  for  other  sources 
of  delay  uncertainties.  This  does  not  mean  that  a 
bulk  circuit  design  can  be  directly  transferred  to 
SOL  There  are  circuits,  like  the  sense  amplifiers, 
where  the  floating  body  effects  can  cause  logic 
errors  and,  in  some  cases,  body  ties  must  be  adopted 
to  guarantee  the  proper  circuit  operation. 

The  transient  activation  of  the  parasitic  bipolar 
transistor  is  another  peculiar  effect  that  has  to  be 
managed  in  PD-SOI  circuits.  Figure  1 1 
schematically  shows  the  PD-SOI  pass-transistor  of  a 
DRAM  cell.  The  source,  corresponding  to  the 
DRAM  bit  line,  is  pulsed  from  VDD  to  ground  while 
the  gate  (word  line)  is  off.  The  VBs  value  increases, 
the  source/body  junction  is  turned  on  and  the 
parasitic  bipolar  may  be  activated.  Two  main  current 
components  contribute  therefore  to  the  transient 
drain-to-source  leakage:  the  off-state  channel 
current,  increased  by  the  VT  lowering,  and  the 
parasitic  bipolar  current  [23],  Since  the  body  is 
open,  the  parasitic  is  switched  on  only  for  a  few  ns 
(Figure  12)  until  the  body  is  depleted  by  holes  and 
its  potential  returns  less  than  one  diode  cut-in 
voltage  below  the  source  potential.  This  effect 
causes  therefore  extra  current  leakage  that  may 
degrade  the  data  retention  of  DRAM’s  and  the 
operation  of  dynamic  logic  circuits.  The  p-MOS 
devices  suffer  in  principle  by  the  same  effect  but  the 
p  of  the  p-n-p  is  lower  and  the  leakage  current  is 
smaller.  If  the  bit-line  is  repeatedly  pulled  down,  the 
body  is  progressively  discharged  and  VBs  follows  a 
transient  similar  the  one  in  Figure  5.  In  this  case  the 
most  significant  leakage  takes  place  during  the  first 
cycles.  As  the  body  bias  decreases  the  bipolar 
leakage  is  quenched  off. 


Figure  11.  Schematic  view  of  a  PD-SOI  pass 
transistor  in  a  DRAM  cell,  with  the  corresponding 
parasitic  bipolar. 


Figure  12.  Pass-gate  leakage  in  a  PD-SOI  n- 
MOSFET  due  to  parasitic  bipolar  current  [14]. 

To  induce  significant  transient  leakage  current  from 
this  point  on,  the  bit  line  would  have  to  stay  high  for 
a  time  long  enough  (10ms)  for  substantial  body 
charging  to  recur.  The  worst  case  for  dynamic 
retention  would  be  therefore  a  sequence  of  bit  line 
pulses  with  a  long  quiescent  time  in  between.  The 
problem  can  be  alleviated  through  silicon 
process/device  optimization.  By  properly  tailoring 
the  source-drain  extension  implant  and  by  adopting 
retrograde  n-well,  the  p  current  gain  of  the  parasitic 
bipolar  can  be  reduced  considerably  and  as  VDD  is 
scaled  down  to  1.2V,  the  effect  becomes  almost 
negligible  (Figure  13). 

For  DRAM’s  Ge-implantation  into  the  source  has 
also  been  proposed  and  studied  [25].  The  resulting 
band-gap  narrowing  increases  in  fact  the  potential 
barrier  for  the  electrons  and  lowers  the  P  current 
gain  of  the  B  JT. 


Vdd  (V) 


Figure  13.  Experimental  dependence  of  the  pass- 
gate  leakage  on  the  supply  voltage  for  a  PD-SOI  n- 
MOSFET  [18]. 
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However,  even  without  this  process-step,  fully 
working  low- voltage  16Mb  SOI-DRAM  has  been 
demonstrated  and  a  50ns  access  time  has  been 
obtained  down  to  IV  power  supply  [6].  In  this 
design  body-tied  transistors  have  been  used  for  the 
boosted  voltage  generator,  the  sense  amplifier  and 
word  line  drivers.  The  cell  transistor  has  instead  the 
body  floating.  A  threshold  voltage  of  0.8V  is 
sufficient  to  suppress  the  off-state  leakage. 

6.  CONCLUSIONS 

The  paper  presents  a  discussion  of  the  unique 
transient  floating  body  effects  in  PD-SOI  devices. 
Hysteretic  VT  variations  and  their  impact  on  the 
operation  of  some  simple  circuits  have  been 
addressed.  To  fully  exploit  the  potential  benefit  of 
this  new  technology,  these  floating  body  effects 
must  be  fully  understood  and  the  designers  must  be 
trained  to  play  with  them.  Even  the  choice  of  where 
dropping  a  body  contact  requires  insight  of  the 
device  behavior,  of  circuit  topology,  as  well  as  of 
their  switching  pattern  dependency.  It  is  however 
clear  that  SOI  does  provide  superior  performance 
with  respect  to  bulk.  Advanced  PD-SOI  circuits 
have  been  already  demonstrated  and  the  SOI 
application  to  mainstream  high-performance 
microprocessors  is  now  under  way.  By  taking 
advantage  of  the  unique  SOI  device  structure,  the 
operating  voltage,  power  and  performance  will  be 
extended  to  values  unattainable  with  bulk  CMOS 
technology. 
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This  paper  provides  the  fundamental  basis  for  adressing  current  and  future  CMOS/SOI  technologies,  which  will 
be  mainly  dedicated  to  low-voltage  and  low-power  applications.  This  review  focuses  on  SOI  substrates 
fabrication,  SOI  devices  (fully-depleted,  partially-depleted,  DTMOS)  and  their  electrical  behavior,  and  SOI 
transistor  modeling. 


1.  INTRODUCTION 

Power  consumption  is  now  a  major  concern  for 
high-performance  digital  systems  and  portable 
applications.  The  most  efficient  technological 
approach  for  reducing  power  consumption  is  power- 
supply  voltage  scaling.  Threshold  voltage  must 
consequently  be  reduced  to  maintain  speed  but  its 
lowest  value  is  set  by  the  maximum  tolerable  off- 
current.  Furthermore  the  off-current  also  depends  on 
temperature  increase  during  circuit  operation  and 
this  increase  needs  to  be  minimized.  For  this 
purpose  SOI  devices  bring  their  unique  inherent 
advantages  over  bulk  devices:  lower  junction 
capacitance,  lower  junction  leakage,  no  latch-up, 
lower  sensitivity  to  temperature  variation,  no 
substrate  reverse-bias  effect,  and  full  dielectric 
isolation.  Various  SOI  device  architectures  (fully- 
depleted,  partially  or  non-fully  depleted)  are 
suggested  and  used  either  for  high-speed  [1]  or  low- 
power  applications  [2].  Emergence  of  CMOS/SOI 
technologies  was  not  possible  in  the  past  because  of 
the  lack  of  a  reliable  SOI  substrate  in  large 
quantities.  SIMOX  substrate  quality  has  improved, 
and  new  SOI  substrates  are  now  available  using 
different  wafer  bonding  techniques.  From  a 
technology  point  of  view,  SOI  is  now  mature 
enough  to  be  used  in  commercial  products.  The 
other  obstacle  was  the  availability  of  tools  for  SOI 
circuit  design:  today  several  SOI  MOSFET  models 
(SOISPICE,  BSIM3SOI,  STAG)  are  implemented  in 
commercial  electrical  circuit  simulators,  so  circuit 
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designers  only  need  to  get  experience.  Since  SOI 
devices  exhibit  specific  characteristics  such  as 
related  floating-body  effects,  efforts  must  now  focus 
on  device  modeling  coupled  to  circuit  simulation  in 
order  to  build  SOI  library  cells. 

2.  SOI  SUBSTRATE  FABRICATION 

SIMOX  is  the  most  common  technique  for 
fabricating  SOI  substrates:  a  high-energy/high-dose 
of  oxygen  is  implanted  into  a  bulk  silicon  substrate, 
and  the  buried  oxide  layer  is  formed  after  a  high 
temperature  anneal  (1350°C).  The  anneal  also 
recrystallizes  the  upper  silicon  layer. 

The  Smart-Cut  process  [3]  is  a  recent  technique 
for  fabricating  SOI  substrates.  It  combines  hydrogen 
implantation,  wafer  bonding  and  splitting  (figure  1). 
While  a  SIMOX  buried  oxide  is  obtained  by  high- 
dose  oxygen  implantation  and  high  temperature 
annealing,  the  Smart-Cut  buried  oxide  results  from 
thermal  oxidation.  Silicon  thickness  is  controlled  by 
the  hydrogen  implant.  Due  to  its  good  uniformity 
ultra-thin  silicon  layers  are  achieved.  In  contrast  to 
other  wafer  bonding  techniques,  one  wafer  is  saved 
at  the  end  of  the  process  and  may  be  used  again. 
Smart-Cut  is  particularly  suited  for  large  volume 
production.  From  a  cost  point  of  view,  the  Smart- 
Cut  process  will  compete  with  low-dose  SIMOX 
processes,  and  wafer  cost  is  expected  to  be  strongly 
reduced  for  large  production  volume. 

Whatever  the  fabrication  technique  used  for  SOI 
substrates,  the  requirements  for  advanced 
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CMOS/SOI  technologies  dedicated  to  low-voltage 
applications  are  good  silicon  thickness  uniformity  (± 
5  nm)  across  a  wafer  and  from  wafer  to  wafer,  and 
crystalline  quality  sufficient  to  grow  a  high-quality 
gate  oxide.  An  advantage  is  the  ability  to  vary  the 
buried  oxide  thickness  for  device  optimization. 


Figure  1.  Smart-Cut  process  description 
3.  SOI  DEVICES 

Full  or  partial  depletion  of  SOI  MOSFET's 
depends  on  several  technological  parameters:  doping 
level  and  thickness  of  the  silicon  film,  gate  oxide 
and  buried  oxide  thicknesses.  Furthermore  the 
depletion  condition  varies  with  gate  bias  and  is  also 
related  to  two-dimensional  effects  as  devices 
become  shorter.  Full  depletion  condition  is  reached 
when  the  total  depletion  charge,  including  lateral 
and  back  depletion,  exceeds  the  possible  depletion 
charge  limited  by  the  silicon  thickness  (figure  2). 
For  a  given  device,  transition  from  partial  to  full 
depletion  may  be  obtained  by  varying  front  and  back 
gate  biases  but  also  by  varying  the  drain  bias  for 
short-channel  devices.  SEM  cross-sectional  views  of 
fabricated  fully-depleted  and  partially-depleted 
devices  are  shown  in  figure  3.  Design  optimization 
of  0.18  pm  gate  length  fully-depleted  devices 


requires  an  ultra-thin  silicon  layer  (35  nm)  while 
only  a  thin  silicon  layer  (>  100  nm)  is  needed  for 
partially-depleted  devices.  Manufacturability  of 
ultra-thin  silicon  films  is  still  a  question,  especially 
because  the  electrical  characteristics  of  fully- 
depleted  devices  depend  on  silicon  thickness 
variation.  Using  SIMOX  and  UNIBOND  wafers,  we 
measured  a  10  mV/nm  threshold- voltage  variation 
with  silicon  thickness  for  a  long-channel  fully- 
depleted  device  on  an  8M  wafer  (0.25  pm 
CMOS/SOI  technology).  This  demonstrates  that 
good  control  of  threshold  voltage  may  be  achieved 
but  will  depend  on  silicon  thickness  wafer  to  wafer 
variation. 


Gate 


Gate 


Figure  2.  Schematic  depletion  description. 

Due  to  severe  two-dimensional  effects,  thinner 
silicon  layers  (<  35  nm)  [4]  will  be  required  to 
achieve  optimized  sub-0.18  pm  fully-depleted 
devices,  silicon  thickness  control  will  become  more 
and  more  critical.  Contacting  source  and  drain 
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regions  on  such  thin  silicon  films  is  a  challenge.  A 
simple  way  to  overcome  it  is  to  use  a  recessed 
channel  structure  (as  shown  in  fig.  3)  [5].  As  this 
structure  is  not  self-aligned,  a  very  good  lithography 
matching  is  required.  These  considerations  indicate 
that  manufacturing  an  advanced  (0.18  pm  and 
below)  fully-depleted  SOI  technology  will  not  be 
straightforward.  Elevating  source/drain  regions  by 
selective  silicon  epitaxy  or  metal  deposition  could 
be  a  potential  solution  in  the  future. 


0.25  pm  partially-depleted  SOI  device 


0,25  pm  fully-depleted  SOI  MOSFET 


Figure  3.  SEM  cross-sections  of  SOI  devices 


Partially-depleted  devices  are  less  sensitive  to 
silicon  thickness  fluctuations,  so  threshold  voltage 
control  is  identical  to  bulk  technologies.  A  partially- 
depleted  CMOS/SOI  technology  is  quite  similar  to  a 
bulk  technology.  Only  channel  and  source-drain 
implants  need  to  be  optimized  due  to  the  limited 
silicon  thickness  and  dopant  interactions  at  the 
buried  oxide  interface.  Junction  depth  is 
automatically  limited  by  the  silicon  thickness,  a 
good  device  design  is  obtained  using  a  retrograde 
channel  profile  combined  with  shallow  source-drain 
extensions  and  halo  implants.  Starting  from  a  bulk 
process,  a  partially-depleted  SOI  technology  needs 
minor  changes. 

A  comparison  of  static  Id(Vgs)  (figure  4)  and 
Id(Vds)  (figure  5)  curves  measured  on  fully-depleted 
and  partially-depleted  devices  emphasizes  the  main 
differences:  a  lower  subthreshold  swing  and  an 
attenuated  kink  effect  are  observed  for  fully- 
depleted  devices  in  DC  condition. 


io*3 


Gate-to-source  voltage  (V) 


Figure  4.  Measured  static  I^V^)  curves 

Consequently,  a  lower  threshold  voltage  may  be 
achieved  using  fully-depleted  devices  for  a  given 
off-current,  yielding  more  margin  for  low-voltage 
design.  As  the  body  is  floating  its  potential  is 
determined  by  the  different  competing  physical 
mechanisms:  at  high  Vds  impact  ionization  effect  is 
counter-balanced  by  body-source  junction  self¬ 
biasing.  A  change  in  the  body  charge  results  in  a 
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threshold  voltage  variation.  As  majority  carriers  are 
in  excess  in  the  body,  threshold  voltage  is  reduced. 
This  explains  the  anomalous  substhreshold  swing  at 
high  Vds  and  the  UVJ  kink  effect.  The  body  charge 
increase  due  to  generated  majority  carriers  may 
suppress  the  full-depletion  condition,  a  kink  effect  is 
therefore  observed  even  on  fully-depleted  devices. 
Also  a  fully-depleted  device  does  not  remain  fully- 
depleted  in  the  accumulation  regime  (Vgs<0  for 
NMOS).  Consequently,  defining  what  is  a  fully- 
depleted  device  is  not  that  obvious.  However  the  full 
depletion  condition  leads  to  a  coupling  between  the 
front  and  the  back  gates,  resulting  in  a  variation  of 
the  electrical  characteristics  with  die  back  gate  bias. 
Therefore  a  device  may  be  considered  operating  in  a 
fully-depleted  mode  when  its  electrical 
characteristics  are  influenced  by  the  back  gate  bias. 
Again  it  is  important  to  keep  in  mind  that  the  full 
depletion  condition  may  result  from  the  combination 
of  the  potential  applied  at  the  different  nodes. 


Figure  5.  Measured  static  Id(Vds)  curves. 


4.  TRANSIENT  EFFECTS  IN  SOI  DEVICES 

The  transient  behavior  of  partially-depleted 
devices  is  described  in  this  section.  At  low  Vds,  when 
the  gate  is  switched  from  off-to-on  state,  varying 
from  0  to  1.8V,  a  drain  current  overshoot  is 
observed  (figure  6).  The  measured  current  variation, 


normalized  to  the  equilibrium  value  (t  -*  oo),  is 
shown  for  different  gate  lengths.  This  variation  is 
explained  as  follows:  when  V^  switches  from  0  to 
1.8V,  the  surface  potential  is  increased  from  its 
initial  value  to  two  times  the  Fermi  potential  (2<t>f). 
Excess  majority  carriers  cannot  be  instantaneously 
removed  from  the  body  (neutral  region)  and  the 
body  potential  (Vb)  consequently  increases  leading 
to  a  threshold  voltage  (Vt)  lowering.  The  initial  drain 
current  value  is  higher  than  the  equilibrium  value  as 
Vt  is  reduced.  Vb  enhancement  involves  a  forward 
biasing  of  body-source  and  body-drain  junctions 
(depending  on  drain  potential),  the  excess  majority 
carriers  are  removed  through  a  thermal 
recombination  process  which  is  a  slow  process  at 
room  temperature.  As  Vb  .slowly  decreases,  Vt 
increases  and  the  drain  current  decreases  to  its 
equilibrium  value.  The  overshoot  duration  depends 
on  the  gate  length.  The  longer  the  device,  the  greater 
the  density  of  excess  majority  carriers  which  need  to 
be  eliminated  through  the  recombination  process. 


Time  (s) 


Figure  6.  Measured  recombination  transient. 

This  current  overshoot  is  beneficial  in  circuit 
operation.  Vt  is  lowered  when  the  transistor  is  turned 
from  off  to  on,  a  behavior  which  is  similar  to  the 
Dynamic  Threshold  MOSFET  (DTMOS)  operation 
but  is  intrinsic  to  the  SOI  device.  If  the  gate  is 
switched  from  V^,  to  V^,  (Vgs2>VgsI>Vt),  no 
current  overshoot  is  observed  since  there  is  no 
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depletion  region  variation  above  threshold.  No 
current  overshoot  is  observed  for  fully-depleted 
devices  because  the  body  charge  remains  constant 
as  long  as  the  gate  potential  is  high  enough  to  insure 
full  depletion,  a  condition  determined  by  the  silicon 
thickness  and  the  doping  level. 


Figure  7.  Measured  generation  transient. 

At  low  Vds,  a  current  undershoot  is  measured 
when  the  transistor  is  turned  from  on-to-off  state 
(figure  7).  When  switches  from  1.8  to  0.3V 
(instead  of  0V  to  allow  an  easy  measurement  of  the 
drain  current),  the  surface  potential  decreases  from 
20f  to  its  final  value  (corresponding  to  Vgs=0.3V). 
Vb  instantaneously  decreases  to  a  negative  value, 
body-source  and  drain  junctions  are  reverse  biased, 
Vt  is  increased,  and  the  transistor  is  turned  off  more 
efficiently.  Majority  carriers  needed  to  replenish  the 
depletion  region  are  slowly  generated  through 
thermal  generation  mainly  in  the  space  charge 
region  below  the  gate.  The  body  potential  slowly 
increases  and  Vt  decreases,  producing  a  slow  current 
transient.  The  current  undershoot  duration  also 
depends  on  gate  length.  For  shorter  gate  lengths  the 
junction  contribution  becomes  significant  as  the 
space  charge  region  below  the  gate  is  reduced. 
Again  the  current  undershoot  is  not  observed  for 
fully-depleted  devices  if  the  full  depletion  condition 
is  maintained  in  the  whole  operating  range.  A 


simple  analytical  model  describing  these  slow 
transient  phenomena  is  given  in  [6]. 


At  high  Vds,  partially-depleted  transistor  behavior 
is  mainly  governed  by  the  impact  ionization 
mechanism  which  is  a  generation  mechanism. 
Electron-hole  pairs  are  created  and  holes  are  stored 
in  the  neutral  body  where  the  potential  takes  a 
minimum  value.  The  body  potential  is  increased  due 
to  positive  charge  accumulation,  and  the  body- 
source  junction  is  forward  biased.  An  equilibrium 
body  potential  is  reached  when  the  junction  current 
counter-balances  the  impact  ionization  current 
(neglecting  thermal  generation  in  the  body-drain 
junction).  If  Vb  is  raised  sufficiently,  an  additional 
bipolar  effect  must  be  taken  into  account.  For 
modeling,  DC  characteristics  are  obtained  by 
equating  the  generation  current  (impact  ionization) 
to  the  recombination  current  and  extracting  the  body 
potential.  The  drain  current  is  dependent  on  the 
body  potential.  The  transient  characteristics  depend 
on  the  switching  rate:  holes  may  be  considered  to  be 
instantaneously  generated  by  impact  ionization,  a 
positive  body  charge  builds  up  involving  a  Vt 
decrease  until  the  body  potential  is  high  enough  for 
recombination  to  balance  the  generation  mechanism. 
Our  home-made  compact  analytical  model 
(LETISOI)  has  been  used  to  simulate  transient 
Id(Vds)  curves  (figure  8).  After  the  gate  voltage  is 
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fixed  to  IV,  the  drain  voltage  is  switched  from  0  to 
2.5V  with  different  rates,  and  the  duration  of  the 
applied  ramp  varying  from  1  ns  to  1  ms.  The  DC 
curve  is  shown  for  reference.  For  a  1  ns  duration,  no 
kink  effect  is  observed,  the  hole  charge  build-up  in 
the  body  due  to  impact  ionization  is  not  sufficient 
for  lowering  Vt.  The  kink  appearance  is  shifted 
towards  the  DC  case  when  the  ramp  duration  is 
increased.  As  already  pointed  out  by  several  authors, 
the  kink  effect  is  time  dependent  and  an  accurate 
device  model  is  necessary  for  predicting  the  kink 
effect  impact  in  circuit  simulation. 

If  undesired  transient  effects  are  encountered  or  if 
a  stand-by  current  reduction  is  necessary,  body 
contacts  may  be  used  in  the  circuit  layout,  thus 
suppressing  Vb  transient  variations.  Addition  of 
body-contacts  will  change  the  circuit  performance, 
the  corresponding  specific  layout  involves  a  stronger 
equivalent  capacitance  due  to  an  area  increase  of  the 
device.  The  dynamic  performance  degradation  is 
shown  in  figure  9.  Off-current  is  reduced  when 
body-contacts  are  used  (figure  10)  thus  confirming 
the  suppression  of  the  floating-body  effect.  However 
the  stand-by  current  increase  due  to  the  floating- 
body  effect  is  strongly  reduced  at  low  supply- 
voltage.  Use  of  body-contacts  is  then  limited  to  the 
management  of  transient  effects. 


Figure  9.  Measured  dynamic  performances. 


The  intrinsic  dynamic  Vt  lowering  effect  in 
partially-depleted  devices  is  an  advantage  for  low 
supply-voltage  applications.  The  only  requirement  is 
an  accurate  description  of  this  effect  in  a  model. 


Figure  10.  Measured  off-current  comparison. 

5.  SOI  TRANSISTOR  MODELING  AND 
CIRCUIT  OPERATION 

SOI  circuit  design  is  achievable  if  a  circuit 
simulator  is  available,  this  simulator  must  include  an 
accurate  SOI  device  model.  Some  of  the  published 
models  are  SOISPICE  (University  of  Florida), 
BSIM3SOI  (University  of  California),  and  STAG 
(University  of  Southampton).  Any  model  must 
accurately  reproduce  the  dynamic  behavior  of  the 
SOI  devices  which  is  the  most  important  in  circuit 
operation.  Static  characteristics  are  only  useful  for 
extracting  the  model  parameters  and  determining 
the  off-current  responsible  for  the  stand-by  current. 
Considering  only  the  static  behavior  of  the  devices 
leads  to  a  misunderstanding  in  circuit  operation.  A 
first  example  is  the  kink  effect,  as  shown  in  the 
previous  section,  which  is  time  dependent.  Due  to 
the  impact  ionization  mechanism,  a  very  low 
subthreshold  swing  (<  60  mV/decade)  is  deduced 
from  DC  UVg,)  curves  at  high  Vds,  but  this 
reduction  is  not  usable,  as  the  DC  case  does  not 
correspond  to  circuit  operation.  Therefore  this 


J-L.  Pelloie  et  al.  /  Microelectronic  Engineering  48  (1999)  327-334 


333 


subthreshold  swing  reduction  is  not  beneficial.  On 
the  contrary,  a  higher  off-current  arises  from  Vt 
reduction  due  to  forward  body  self-bias  which  is 
generally  considered  to  be  a  drawback  for  SOI.  This 
is  true  at  room  temperature,  but  a  circuit  must 
operate  in  an  extended  temperature  range  (up  to 
about  100°C).  The  off-current  is  minimized  at  high 
temperature  because  SOI  offers  low  junction  (or 
diode)  current  and  the  impact-ionization  mechanism 
is  more  strongly  counter-balanced  by  the  thermal 
recombination  mechanism. 


Figure  1 1 .  Simulated  transient  Id(Vgs). 

The  electrical  behavior  of  partially-depleted  and 
bulk  devices  is  generally  claimed  to  be  similar,  apart 
from  the  kink  effect.  Again  this  equivalence  is  only 
true  from  a  DC  point  of  view.  As  the  body  is 
floating,  its  potential  is  related  to  the  potential  of  the 
other  terminals  of  the  transistor  via  a  capacitive 
coupling.  In  dynamic  operation,  the  I/VgJ  curve 
differs  from  the  DC  curve  (figure  1 1),  even  at  low 
Vds.  The  body  potential  increase  (figure  12)  due  to 
the  capacitive  coupling,  between  gate  and  body  in 
this  case,  leads  to  a  reduction  of  the  subthreshold 
swing. 

A  general  SOI  MOSFET  model  must  account  for 
all  the  physical  effects  occuring  in  the  device  and 
allow  operation  in  regimes  seldom  considered  for 
bulk  MOSFET's.  Most  importantly  the  forward 
biasing  of  the  body  must  be  accurately  described 


through  Vt(Vbs)  variation.  A  partially-depleted  SOI 
model  is  quite  similar  to  a  bulk  model.  The  main 
difference  is  the  addition  of  a  fifth  node  and  a 
floating-body  node  (figure  13). 


Figure  12.  Simulated  body  potential  variation. 


f  Gate 


Figure  13.  SOI  MOSFET  equivalent  circuit. 

Modeling  fully-depleted  SOI  transistors  requires 
describing  the  transition  between  full  and  partial 
depletion  and  accurately  describing  the  coupling 
effect  between  front  and  back  interfaces  when  the 
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silicon  film  is  fully  depleted,  including  two- 
dimensional  effects.  The  control  of  the  body 
depletion  charge  is  shared  between  both  interfaces. 
The  model  must  also  predict  that  the  full  depletion 
condition  may  be  suppressed  when  majority  carrier 
generation  takes  place,  a  situation  encountered  when 
a  kink  effect  is  observed. 

Finally,  in  contrast  with  bulk  devices,  SOI  devices 
do  not  suffer  from  the  substrate  reverse-bias  effect. 
The  depletion  charge  is  not  increased  when  a  source 
potential  is  applied  (NAND  gate  for  instance  where 
several  NMOS  are  connected  in  series).  This  is  a 
significant  advantage  for  low  power-supply  voltage 
operation. 

6.  DTMOS  OPERATION 

SOI  offers  a  simple  implementation  of  dynamic 
threshold  voltage  MOSFET's  (DTMOS)  [7],  where 
the  gate  is  connected  to  the  body,  allowing  very  low 
power-supply  voltage  operation  (0.5V)  [8].  DTMOS 
offers  an  ideal  60  mV/decade  subthreshold  swing 
and  is  therefore  a  promising  candidate  for  low- 
voltage  applications.  In  DTMOS  operation,  Vt 
lowering  is  obtained  by  forward  biasing  of  the  body 
(or  substrate  for  bulk),  which  has  two  limitations: 
the  forward  junction  current  contributes  to  the  stand¬ 
by  current,  and  the  junction  capacitance  increases 
with  the  body  potential  increase.  Although  the 
DTMOS  may  be  fabricated  with  a  bulk  process,  SOI 
inherently  offers  a  strong  reduction  of  the  junction 
area  and  therefore  of  the  junction  current  and 
capacitance.  Moreover,  implementation  of  bulk 
DTMOS  requires  a  triple-well  process  in  order  to 
manage  independently  the  substrate  of  each  device. 
SOI  brings  its  intrinsic  dielectric  isolation  between 
devices.  Addition  of  a  body  contact  is  needed  for 
DTMOS  operation,  a  higher  drivability  is  gained  at 
the  expense  of  a  loss  in  integration  density.  Due  to 
junction  leakage  current,  use  of  DTMOS  is  limited 
to  0.6-0.7V  supply-voltage.  However,  higher 
supply-voltage  may  be  achieved  by  adding  a  current 
limiter  in  the  path  between  the  body  and  the  gate  [9]. 

DTMOS  provides  more  drivability  than  bulk  or 
floating-body  partially-depleted  devices  (figure  14). 
However  due  to  junction  capacitance  increase  its  use 
should  be  preferred  for  large  capacitive  loads. 


7.  CONCLUSION 

CMOS/SOI  technologies  offer  a  large  panel  of 
devices:  fully-depleted,  partially-depleted  and 
DTMOS.  These  devices  may  be  combined  to 
achieve  the  best  trade-off  when  designing  a  circuit, 
they  open  the  way  towards  new  low-voltage  and 
low-power  applications. 


Figure  14.  Measured  Id(Vgs)  curves  and  limited 
DTMOS  body  current. 
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The  intensity  of  photoluminescence  (PL)  peaks  at  4. 1  eV  (300  nm)  and  3. 1  eV  (400  nm)  for  the  buried 
oxide  (BOX)  layer  of  SIMOX  structures  is  less  for  triple-implant  than  for  single  implant  samples  and 
is  further  reduced  in  single-implant  sample  by  supplemental  oxygen  implantation.  Heat  treatment  of 
samples  from  which  the  top  Si  layer  was  removed  decreases  the  PL  intensity  in  the  ultraviolet  (UV) 
region  even  further.  The  behavior  of  the  PL  is  mainly  attributed  to  oxygen  deficiency  centers  in  the 
surface  region  of  a-Si  nanoclusters  in  the  BOX  layer. 


1.  INTRODUCTION 

The  properties  of  the  buried  oxide  layer  of 
SIMOX  structures  prepared  by  implanting  oxy¬ 
gen  ions  into  silicon  are  significantly  different 
from  those  of  thermally  grown  Si02  films  [1]. 
The  reason  is  that  the  oxide  network  in  BOX 
layers  is  similar  to  that  of  densified  (com¬ 
pressed)  with  concomitant  excess  silicon  ran¬ 
ging  from  oxygen  vacancies  to  amorphous  sili¬ 
con  (aSi)  nanoclusters,  as  well  as  even  crystal¬ 
line  Si  islands  in  seperate  phases.  These  featu¬ 
res  depend  very  strongly  on  the  preparation 
conditions. 

It  was  found  previously  that  the  PL  spectrum 
of  the  BOX  layer  of  a  single-implanted  SIMOX 
sample  prepared  with  1.7xl018  0+/cm2  dose  is 
different  from  that  of  thermally  grown  oxide  as 
it  exhibits  two  peaks,  one  at  4.3  eV  (290  nm) 
and  the  other  at  2.7  eV  (460  nm)  [2].  It  was 
suggested  that  the  oxygen  vacancies  are  respon¬ 


sible  for  them.  In  [3]  it  was  shown,  that  the  UV 
emission  around  280  nm  of  a  BOX  layer  can  be 
reduced  by  a  supplemental  oxygen  implant. 

Recently,  a  lot  of  activity  to  investigate  Si- 
and  Ge-rich  Si02  layers  produced  by  ion  im¬ 
plantation  was  started.  In  these  studies  the  PL 
spectra  were  also  explained  with  neutral  oxygen 
vacancies  or  other  oxygen  deficiency  centers 
[4,5]. 

The  purpose  of  this  work  was  to  study  the 
effects  of  oxygen  implant  conditions  and  post¬ 
implant  processes  on  the  PL  behavior  of  the 
BOX  layer  of  SIMOX  structures.  The  effect  of 
heat  treatment  on  pseudo-SIMOX  structures 
(top  Si  layer  removed)  is  also  reported;  this 
point  is  relevant  to  the  defect  structure  of  BOX 
layers.  An  important  aspect  of  this  work  is  that 
the  samples  used  in  this  work  have  been  exten¬ 
sively  studied  by  various  electrical  and  other 
techniques  so  that  the  PL  spectra  could  be  cor¬ 
related  with  the  results  of  those  studies. 
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2.  EXPERIMENTAL 

We  have  studied  single-implant  (1.5xl018 
0+/cm2)  and  multiple-implant  [(0.5+0. 5+0. 8) 
xlO18  0+/cm2]  SIMOX  samples  annealed  at 
1320  °C  in  Ar  as  well  as  these  samples  with 
supplemental  implantation  of  0.1x1 01 8  0+/cm2 
followed  by  1  hour  heat  treatment  in  Ar  at  1000 
°C.  In  addition,  we  have  also  measured  Si02 
films  thermally  grown  in  dry  02  at  1000  °C  in  a 
poly-Si  tube.  The  thickness  range  of  all  the 
oxide  layers  is  300  to  350  nm.  Two  pieces  of 
each  SIMOX  sample  were  prepared  in  the  fol¬ 
lowing  manner:  whereas  one  remained  untrea¬ 
ted,  the  other  piece  was  heat  treated  in  02  at 
1000  °C  for  1  hr  before  the  PL  measurement. 

The  top  Si  layer  (when  present)  was  remo¬ 
ved  from  the  samples  before  the  PL  measure¬ 
ments.  These  measurements  were  performed  at 
room  temperature  in  a  Spex  Fluoromax  spec¬ 
trometer  with  a  R928  Hamamatsu  Photomulti¬ 
plier  using  an  excitation  wavelength  of  250  nm. 

3.  RESULTS 

The  results  are  shown  in  Figs.  1  and  2  where 
the  curves  labelled  "a"  refer  to  samples  without 
the  oxygen  post-anneal  treatment  and  those 
labelled  "b"  refer  to  samples  with  such  a  treat¬ 
ment. 

Thermally  grown  oxide  did  not  show  any  PL 
effect.  The  predominant  features  of  the  PL 
spectra  are  the  peaks  around  300  nm  (4.1  eV) 
and  400  nm  (3.1  eV).  A  comparison  of  curves 
la  and  2a  shows  that  both  peaks  are  smaller  for 
the  multiple-implant  sample  than  the  single¬ 
implant  one.  Curve  3a  shows  that  the  supple¬ 
mental  0+  implantation  resulted  in  a  reduction 
of  the  height  of  both  peaks.  A  comparison  of 
curves  a  and  b  shows  that  the  heat  treatment  of 
the  pseudo-SIMOX  samples  reduced  the  UV 
peaks  for  all  the  samples. 


Fig.  1.  PL  spectrum  of  a  single-implant  SIMOX 
sample  without  heat  treatment  at  1000°C  (curve  la) 
and  with  heat  treatment  (curve  lb);  also  shown  is 
the  lack  of  PL  activity  of  thermally  grown  oxide 
(curve  A). 

Furthermore,  the  supplemental  0+  implanta¬ 
tion  causes  a  shift  of  the  peak  positions  towards 
longer  emission  wavelengths.  In  contrast  to  the 
curves  2a  and  2b  the  UV  peak  now  exhibits  a 
bimodal  behavior:  In  the  case  of  the  supple¬ 
mental  0+  implantation  it  has  a  main  compo¬ 
nent  at  3 10  nm  and  a  shoulder  around  290  nm. 

It  was  found  that  the  use  of  additional  inter¬ 
ference  filters  in  the  excitation  beam  can  sup¬ 
press  the  blue  PL  (above  400  nm),  whereas  this 
is  not  possible  in  the  case  of  UV  emission.  This 
implies  that  the  blue  PL  features  are  mainly  due 
to  scattering  in  the  samples,  whereas  the  UV 
emission  is  caused  by  real  PL. 

The  PL  spectra  shown  in  Figs.  1  and  2  can 
be  correlated  with  various  other  results,  prima¬ 
rily  those  obtained  with  photo-injection  of 
electrons  into  the  BOX;  the  results  of  these 
studies  are  summarized  in  a  review  paper  [1]. 
The  most  pertinent  result  is  that  SIMOX-BOX 
layers  usually  contain  amorphous  silicon  clu¬ 
sters  ranging  in  size  from  about  1  to  4  nm.  The 
a-Si  clusters  are  photo-active  amphoteric  de¬ 
fects  that  under  high  electron  injection  level  act 
as  electron  traps  with  a  large  capture  cross  sec- 
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Fig.  2  PL  spectra  of  multiple-implant  SIMOX 
sample  (curves  2a  and  2b)  and  multiple-implant 
sample  with  supplemental  O-implant  (curves  3a  and 
3b;  curves  a  and  b:  without  and  with  heat  treatment 
at  1000°C,  respectively. 

tion.  At  low  injection  level  electrons  can  be 
removed  from  them  by  photo-depopulation  so 
that  they  become  positively  charged.  Qualitati¬ 
vely,  the  order  of  increasing  height  of  both  PL 
peaks  is  the  same  as  the  extent  of  positive  char¬ 
ging  of  the  BOX  induced  by  photo-injection: 
multiple-implant  with  supplemental  O-implant, 
multiple-implant,  single-implant  samples. 
However,  the  quantitative  aspects  are  different, 
as  shown,  for  example,  by  the  much  larger  dif¬ 
ference  between  single-implant  and  multiple- 
implant  samples  regarding  the  density  of  positi¬ 
ve  charge  (about  1.2xl012  |e|  cm'2  vs.  (0.01- 
0.05)xl012  |e|  cm'2)  than  the  difference  in  height 
of  either  of  the  300  nm  or  400  nm  peaks. 

A  comparison  of  curves  a  and  b  for  all  the 
samples  indicates  that  the  heat  treatment  in 
oxygen  decreased  the  density  of  the  entities 
responsible  for  the  PL  peaks  but  did  not  elimi¬ 
nate  them.  On  the  other  hand,  this  heat  treat¬ 
ment  practically  eliminates  the  positive  char¬ 
ging  effect,  provided  the  heat  treatment  was 
performed  without  the  top  Si  layer  being  pre¬ 
sent,  i.e.  the  oxide  layer  was  un-confined. 


4.  DISCUSSION 

Based  on  these  considerations  we  suggest 
that  the  UV  emission  is  associated  with  oxygen 
deficiency  centers  in  the  surface  region  of  a-Si 
clusters. 

It  seems  unlikely,  that  the  UV  peaks  are  due 
to  quantum  confinement  effects  in  Si  nanoclu¬ 
sters.  For  very  small  nanoclusters  the  bandgap 
should  strongly  depend  on  their  size,  and  ac¬ 
cording  to  the  size  range  of  the  a-Si  clusters  (1 
to  4  nm)  a  very  broad  PL  distribution  is  expec¬ 
ted. 

Previously  it  was  demonstrated,  that  the 
strong  short  wavelength  PL  of  Si+  implanted 
thermally  grown  Si02  layers  is  not  associated 
with  intrinsic  radiation-induced  defects  but  is 
due  to  excess  silicon  in  the  oxide.  The  neutral 
oxygen  vacancy  was  assumed  to  be  responsible 
for  the  observed  PL.  This  molecular  defect  can 
exist  in  the  network  in  isolated  form  or  in  the 
close  surrounding  of  a-Si  clusters.  In  each  case 
there  is  no  PL  dependence  on  the  cluster  size 
[4]. 

However,  there  is  another  point  which  is  not 
yet  fully  clarified.  It  is  known  that  the  density 
of  hole  traps  (which  are  usually  assumed  to  be 
the  E‘  centers  acting  as  precursors  for  the  neu¬ 
tral  oxygen  vacancy)  in  SIMOX  BOX  layers  is 
practically  independent  of  the  preparation  con¬ 
ditions,  even  including  the  additional  increase 
of  the  BOX  thickness  by  supplemental  0+  im¬ 
plantation.  This  behavior  is  in  contrast  to  the 
density  of  photo-active  and  PL-active  defects. 

Based  on  these  considerations  we  believe 
that  the  UV  emission  is  caused  by  oxygen  defi¬ 
ciency  centers  located  at  the  surface  or  in  the 
close  surrounding  of  the  a-Si  clusters. 

The  observation,  that  the  density  of  a-Si  clu¬ 
sters  is  reduced  by  a  post-anneal  oxygen  heat 
treatment  at  1000  °C  but  not  completely  elimi¬ 
nated,  is  different  from  the  earlier  result  which 
indicated  that  practically  no  positive  charging 
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occurs  after  such  a  heat  treatment.  It  is  possible 
that  the  heat  treatment  changed  the  clu¬ 
ster/oxide  interface  of  some  clusters  preventing 
the  photodepoulation  of  electrons  but  maintai¬ 
ning  their  PL-activity. 

5.  CONCLUSION 

This  study  demonstrates  that  the  PL  spectra 
of  BOX  layers  of  SIMOX  samples  depend 
strongly  on  their  preparation  conditions.  The 
intensity  of  the  PL  peaks  correlate  qualitatively 
with  the  density  of  a-Si  nanoclusters  as  derived 
from  photo-injection  studies.  The  PL  behavior 
reveals  an  additional  complexity  in  the  defect 
structure  of  SIMOX  BOX  layers  as  the  inter¬ 
face  between  the  a-Si  nanoclusters  may  play  a 
role  in  their  electron  depopulation  behavior. 
The  potential  technological  implication  is  that 
a-Si  clusters  may  be  present  even  in  those 
samples  which  do  not  show  the  positive  char¬ 
ging  effect. 
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Ultra-thin  SOI  MOSFETs  with  l-5nm  thick  SOI  film,  are  experimentally  and  theoretically  investigated. 
Single-  and  double-gate  configurations  are  compared;  the  double-gate  MOSFET  exhibits  a  substantial  increase  in 
transconductance,  presumably  resulting  from  volume  inversion.  Most  of  the  experimental  data  can  be  explained 
by  combining  classical  models  with  self-consistent  quantum  calculations.  The  characteristics  are  well-behaved 
and  reveal  unique  “ultra-thin”  film  properties:  enhanced  interface  coupling  and  body-substrate  coupling, 
degraded  mobility,  increased  threshold  voltage. 


1.  INTRODUCTION 

Ultra-thin  Silicon  On  Insulator  (SOI)  MOSFETs 
are  very  attractive  in  terms  of  high  performance  and 
attenuated  short-channel  effects,  being  capable  of 
extending  the  frontiers  of  the  silicon-based 
microelectronics.  ‘’Ultra- thin”  is  a  generic 
definition  for  Si  films  ~  50  nm  thick.  This  work  is 
focused  on  much  thinner  films,  in  the  ultimate  range 
of  1-5  nm.  N-channel  MOSFETs  have  been 
fabricated  at  NTT  (Japan)  on  low-dose  SIMOX 
substrates  with  62  nm  thick  buried  oxide. 

The  transistor  body  has  been  thinned  by 
carefully-controlled  sacrificial  oxidation.  The 
devices  have  elevated  source  and  drain  (unthinned 
regions)  and  natural  (residual)  body  doping.  The 
gate  oxide  is  50  nm  and  the  channel  is  long  (30  pm) 
in  order  to  attenuate  the  parasitic  influence  of  series 
resistances  and  device  topology.  We  discuss  the 
room  temperature  characteristics  of  single-  and 
double-gate  MOSFETs  as  well  as  the  influence  of 
quantum  confinement  in  ultra-thin  Si  films. 

2.  OPERATION  OF  ULTRA-THIN  MOSFETS 

2.1  Single-gate  MOSFETs 

Typical  curves  are  shown,  for  a  3  nm  thick 
MOSFET,  in  Figs.  1  and  2.  The  front-channel 


Id(Vgi)  characteristics  are  plotted  in  Fig.  1  for 
VD=50mV  and  various  back-gate  biases  VG2.  The 
lateral  shift  illustrates  the  coupling  between  the  front 
threshold  voltage  VTi  and  VG2  which  is  remarkably 
strong  in  thin  films.  The  subthreshold  swing  is 
between  70  and  100  mV/dec,  depending  on  VG2. 


-5  0  5  10 

Front  gate  voltage  (V) 


Figure  1.  Drain  current  versus  front  gate  bias  in  a 
3nm  thick  transistor  with  L=30pm  and  W=100pm. 

These  characteristics  are  very  similar  to  those 
currently  observed  in  much  thicker  fully-depleted 
MOSFETs  [1],  except  that  the  interface  coupling  and 
substrate-body  coupling  are  reinforced.  Rather 
symmetrical  curves  are  obtained  by  probing  the  back 
channel  with  VGi  as  a  parameter  (Fig.  2).  The  only 
difference  is  due  to  the  onset  of  substrate  depletion 
which  increases  the  apparent  thickness  of  the  buried 
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oxide  and  causes  a  hump  in  the  back  channel 
transconductance  (for  VGi=0V). 


-5-3-1135 
Back  gate  voltage  (V) 

Figure  2.  Drain  current  and  transconductance 
versus  back  gate  bias  in  a  3nm  thick  transistor. 


Figure  3.  Drain  current  and  transconductance  versus 
front  gate  bias  in  a  lnm  thick  transistor. 


Since  the  Id(VGi,2)  characteristics  are  not 
‘’unusual”,  they  serve  for  parameter  extraction  with 
conventional  methods  [1].  It  is  found  that  the  front- 
channel  and  back-channel  field  effect  mobilities  are 
comparable  and  reach  maximum  values  when  the 
vertical  field  is  minimized.  The  electron  mobility  is 
reasonable  (210  cm2/Vs)  in  3  nm  thick  MOSFETs, 
suggesting  that  the  thinning  process  did  not 
dramatically  degrade  the  crystal  quality  of  the  Si 
film.  However,  the  mobility  does  increase  with 
thickness:  260  cm2/Vs  in  5  nm-thick  and  650  cm2/Vs 
in  45  nm-thick  MOSFETs. 

The  characteristics  of  a  1  nm  thick  MOSFET  are 
reproduced  in  Fig.  3.  Surprisingly,  they  are  still 
‘’MOS-like”  and  well-behaved.  Of  course,  the  drain 
current  and  the  mobility  are  very  low  but  this  is  due 
to  a  comprehensive  imperfect  control  of  the  thick¬ 


ness:  the  body  now  contains  zero-thick  regions  and 
therefore  the  effective  width  of  the  transistor  is 
drastically  reduced. 


-4  1  . j _ i _ i - 1 - -J  -2 
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Front  gate  voltage  (V) 


Figure  4.  Drain  current  and  transconductance  vs.  front 
gate  bias  of  a  3nm  thick  transistor  with  L=30pm  and 
W=3pm.  In  double  gate  regime,  VG2=VGixl.24. 

2.2  Double-gate  MOSFETs 

These  extremely  thin  MOSFETs  are  also  ideal 
candidates  for  operation  in  volume  inversion  mode 
[2].  Double-gate  operation  has  been  achieved  by 
simultaneously  biasing  the  front  and  back  gates  with 
VG2=tox2/toxi=1.24xVGI.  The  experimental  curves, 
illustrated  in  Fig.  4,  show  a  clear  increase  in 
transconductance  and  current  as  compared  to  single¬ 
gate  transistor  operation. 

3.  QUANTIZATION  EFFECTS 

The  analysis  of  carrier  transport  mechanisms  in 
ultra-thin  SOI  MOSFETs  proceeds  from  the 
comparison  between  (i)  classical  analytical  models, 
(ii)  advanced  classical  numerical  simulations 
(Silvaco)  and  (iii)  quantum  simulations.  The  Poisson 
and  Schrodinger  equations  are  solved  self- 
consistently,  as  described  earlier  [3,4,5]  for  the 
representative  case  of  3nm  thick  single  and  double¬ 
gated  quantum  wells. 

3.1  Potential  profile  and  subbands  energy 
splitting 

Carrier  confinement  results  from  the 
modification  of  subband  wave  functions  and  energy 
levels  in  very  narrow  potential  wells.  As  the  film 
becomes  thinner,  the  energy  levels  and  their 
separation  increases,  making  them  more  difficult  to 


T.  Ernst  et  al.  I  Microelectronic  Engineering  48  (1999)  339-342 


341 


populate.  This  explains  the  sudden  increase  in 
threshold  voltage  observed  in  sub-lOnm  SOI  films 
[6].  The  difference  between  single-(SG)  and  double¬ 
gated  (DG)  wells  is  illustrated  in  Fig.  5.  In  DG- 
MOSFETs,  the  in-depth  potential  distribution  is 
symmetrical,  allowing  the  vertical  electric  field  to 
cancel  in  the  middle  of  the  film.  The  quantization 
effects  are  essentially  thickness-defined,  and 
therefore  lesser  than  in  SG-MOSFETs,  where  the 
potential  well  is  more  “triangular”.  Two  different 
regions  of  operation  are  predicted  by  quantum 
calculations  in  3nm  films: 

*  At  low  and  moderate  field  (corresponding  to 
weak/moderate  inversion  and  transconductance 
peak),  the  electrons  are  confined  mainly  by  the 
infinite  rectangular  potential  well;  little  additional 
contribution  arises  from  the  potential  profile  (quasi¬ 
flat)  in  the  film.  Consequently,  both  the  energy  levels 
and  the  wave  functions  of  single-  and  double-gate 
modes  are  very  close  to  each  others.  Moreover,  the 
potential  in  the  film  is  not  high  enough  to  populate 
the  second  energy  level  and  only  the  ground  level 
has  to  be  considered  in  charge  transport. 

*  At  high  electric  fields  (strong  inversion),  additional 
confinement  is  introduced  by  the  triangular  shape  of 
the  film  potential.  This  results  in  a  higher  confine¬ 
ment  in  SG  mode  than  in  DG  mode.  In  double-gate 
mode,  subbands  (in  particular  the  second  energy 
level  of  lateral  valleys)  begin  to  be  populated. 


Depth  in  silicon  (A) 


Figure  5.  Comparison  between  SG  and  DG  energy 
levels  and  potentials  at  high  gate  voltage  (2.106V/cm 
surface  field). 

3.2  Carriers  distribution  in  ultra-thin  devices 

The  spatial  distribution  of  minority  carriers  is 
always  symmetrical  in  DG-MOSFETs,  with  more 
carriers  flowing  in  the  middle  of  the  film.  This 
means  that  the  volume  inversion  is  more  pronounced 
from  the  quantum  viewpoint  as  compared  to  the 


classical  distribution  solely  defined  by  the  Poisson 
equation.  In  SG-MOSFETs,  the  carrier  distribution 
becomes  more  and  more  asymmetrical  in  strong 
inversion  when  VG  increases. 


Figure  6.  Comparison  between  double-gate  and 
single-gate  inversion  charge  vs.  gate  voltage. 


The  total  electron  charge  in  strong  inversion  is 
predicted  by  Gauss’  theorem:  Qinv=00x(VG-VT)  in 
SG  mode,  or  twice  as  much  in  DG  mode.  The  charge 
control  for  the  two  modes  are  compared  in  Fig.  6. 
An  interesting  point  is  that  in  the  double-gate 
regime,  the  total  inversion  charge  is  marginally 
higher  than  twice  the  inversion  charge  in  single-gate 
regime.  This  means  that,  except  for  the  natural  200% 
gain  there  is  no  distinct  advantage  of  volume 
inversion  in  terms  of  total  charge.  But,  the  charge 
distribution,  the  subband  occupancy  and  the  related 
mobility  behavior  may  bring  a  supplementary  gain. 

3.3  Carrier  mobility  behavior  in  ultra-thin  films 

The  impact  of  silicon  layer  thinning  on  carrier 
mobility  was  studied  for  the  20-80  nm  range  which 
corresponds  to  the  present  thickness  for  fully- 
depleted  SOI  technologies.  In  this  range,  the  long 
channel  mobility  behavior  can  be  explained  by 
universal  bulk-Si  mobility  curves  vs.  effective 
electric  field  [7],  For  thinner  Si  films  (<10nm),  the 
electron  confinement  induces  a  significant  modifica¬ 
tion  in  electron  wave  function  and  energy  which  may 
have  a  strong  effect  on  the  apparent  mobility 
behavior. 

Electron-phonon  scattering  rates  increase  as  l/tsi 
where  tsj  is  the  silicon  film  thickness  [8].  This 
scattering  mechanism  was  identified  as  the  most 
limiting  factor  of  low-field  mobility  in  “ideal”  ultra- 
thin  structures.  It  was  shown  that  the  mobility 
increases  in  thinner  films  down  to  3.5nm,  beyond 
which  a  dramatic  degradation  is  observed  [9].  We 
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believe  that  surface  roughness  scattering  may 
strongly  affect  the  motion  of  carriers,  essentially 
near  the  Si-Si02  interface,  and  should  be  included  in 
the  simulations. 

The  channel  conductivity  is  given  by: 
g,„=a^CjVa-VT) 

where  a=l  for  single-gate  and  2  for  double  gate 
operation.  The  effective  mobility  |ieff  decreases  with 
increasing  the  transversal  electrical  field. 


—■—Double  gate  interfaced OA 


Figure  7.  Double-gate  and  single-gate  effective 
electric  field  vs.  gate  voltage  for  a  3nm  film. 


The  outstanding  enhancement  of  the  effective 
mobility  measured  in  DG-MOSFETs  can  be 
qualitatively  explained  by  electrostatic  arguments: 
the  electric  field  is  negligible  in  the  middle  of  the 
film  where  most  of  the  inversion  charge  flows.  For 
thicker  films,  double-gate  regime  implies  a  general 
diminution  of  the  electric  field  and  consequently  a 
mobility  enhancement.  But  the  center  of  the  film  (i.e 
zero  electric  field)  no  longer  contains  the  maximum 
of  the  total  inversion  charge. 

For  3nm  double-gate  devices,  the  zero  electric 
field  region  corresponds  to  the  maximum  probability 
of  electrons  presence.  As  electron  scattering  via 
acoustic  phonons  or  surface  roughness  is  strongly 
dependent  on  the  transverse  field,  the  mobility  is 
most  likely  enhanced  in  the  center  of  the  film. 

A  precise  mobility  law  is  not  easy  to  formulate 
because  of  (i)  the  effective  mass  and  lattice  vibration 
mode  that  are  not  trivial  in  ultra-thin  constrained 
films,  (ii)  the  contribution  of  parasitic  resistances, 
and  (iii)  the  thickness  fluctuations  in  such  films. 

Before  such  a  sophisticated  modeling  becomes 
mature  enough,  we  propose  a  first-order  model 
based  on  the  empirical  influence  of  the  vertical 
electric  field.  Our  approach  consists  in  calculating 


the  in-depth  average  mobility,  weighed  by  the 
transverse  field  and  carrier  distribution.  Surface 
roughness  effects  are  arbitrarily  assumed  to  highly 
degrade  the  mobility  over  lnm  near  each  interface. 
Integration  of  the  field  in  the  central  area  of  the  film 
leads  to  a  much  lower  effective  field  in  DG 
MOSFETs  than  in  SG  MOSFETs  (Fig.  7)  because  of 
the  spatial  distribution  of  carriers  (Fig.  8).  This  may 
offer  a  basis  for  understanding  the  mobility  enhance¬ 
ment  in  volume  inversion  DG  transistors. 


Figure  8.  Carrier  distributions  in  DG  and  SG 
MOSFETs 

4.  CONCLUSION 

The  feasibility  and  proper  operation  of  ultimately 
thin  transistors  has  been  demonstrated  and  used  to 
analyze  thickness-related  mechanisms.  This  opens 
new  perspectives  for  the  fabrication  of  advanced  SOI 
devices.  Yet,  many  questions  remain  open  concern¬ 
ing  the  quantum  transport  in  ultrathin  SOI  films. 
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Interconnected  oscillations  of  current,  lattice  temperature  and  electron-hole  pair  concentration  were  observed 
in  SOI  structures  upon  heating  with  current  at  extremely  high  power.  They  occur  because  of  the  joint  action  of 
two  competing  mechanisms:  temperature  dependent  thermal  generation  of  electron-hole  pairs  and  pair 
concentration  decreasing  by  current  flowing  in  silicon  film  through  a  non-uniform  temperature  field. 


INTRODUCTION 

Known  current  oscillations  in  bulk 
semiconductor  are  not  accompanied  by  essential 
changes  of  lattice  temperature.  In  contrast,  upon 
heating  of  the  silicon  films  of  SOI  structures  by 
current  with  power  greater  than  3.5  GW/cm3,  we 
have  discovered  interconnected  oscillations,  with 
frequency  up  to  3  MHz,  of  current,  lattice 
temperature  and  concentration  of  thermally 
generated  pairs.  The  current  and  concentration 
changes  were  more  than  an  order  of  magnitude,  and 
temperature  change  was  approximately  from  700  K 
to  1200  K. 

1.  EXPERIMENTAL  RESULTS 

The  SOI  structure  is  represented  in  Fig.l.  The 
film  of  ^-silicon  has  length  a  and  width  w  of  45  and 


10  pm.  The  thicknesses  of  the  silicon  film  d$if  buried 
oxide  dox  and  substrate  dsub  are  0.4,  1  and  400  pm 
respectively.  There  were  two  probes  in  the  middle  of 
the  film. 

Rectangular  pulses  of  voltage  U  were  applied  to 
the  silicon  film  and  oscillograms  of  current  I  were 
recorded.  They  are  shown  with  solid  lines  in  Fig.2. 
The  values  of  U  in  volts  are  shown  near  the 
oscillograms. 


Fig.l.  SOI  structure.  Fig-2.  Oscillograms  of/ and  Uprof,e. 
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Up  to  a  voltage  Ut=5 0  V  the  current  pulses  were 
rectangular  with  amplitude  IQ  (Fig2 .a;  U-  8.6  V).  At 
higher  voltages  there  was  a  broad  maximum  on  a 
pulse  (Fig.2,a).  At  a  threshold  voltage  t/peaJr=54,6  V 
a  narrow  (<1jliS)  peak  appeared  at  the  maximum 
(2 ,6).  The  ratio  of  current  values  at  its  top  Itop  and  at 
base  I  base  exceeded  an  order  of  magnitude.  At  U 
higher  Uosc}=S4.9  V  there  were  several  peaks  (2,c), 
and  then  continuos  current  oscillations  occurred 
(2 ,<7).  The  oscillation  frequency  observed  was  up  to 
(1...3)  MHz  for  different  structures  and  was 
decreasing  in  the  course  of  time  (2,<7).  The 
oscillations  lasted  from  several  seconds  up  to  about 
1-2  minutes. 

At  connection  of  a  film  to  transistor  collector 
circuit  the  oscillations  were  not  broken. 

The  stationary  current  Ist  have  been  settled  after 
peak  at  U  higher  Uoscr=  57.5  V  (Fig.2,e). 

In  Fig. 3  the  curves  for  currents  70(a),  hasei o), 
Itop(m)  and  /*(■)  vs  U  are  shown.  Peak  width 
decreased  with  increasing  voltage  and  at  U>UOSC2  it 
was  so  small  that  the  bandwidth  of  used  oscillograph 
did  not  allow  us  to  measure  precisely  Itop  values. 
The  appropiate  part  of  Itop(U)  curve  is  drawn  by 
dashed  line. 

U!a,  104  V/cm 


1  2 


The  dotted  lines  in  Fig.2,6-e  are  oscillograms  of 
voltage  U probe  between  probe  and  source  (Fig.  1).  It 
follows  from  them,  that  source-probe  and  probe- 
drain  voltages  are  approximately  equalized  during 
the  peak. 

A  yellow  glow  of  the  region  near  the  drain  with 
length  of  (5. ..7)  pm  was  observed  at  U>  Ut. 


2.  DISCUSSION 

Up  to  voltage  Ut  the  7-F  curve  (Fig.3)  is  a  typical 
drain  characteristic  of  the  field-effect  transistor  with 
only  back  gate  [1,2],  and  we  need  to  explain  the 
current  behavior  only  at  U>Uj.  Both  great  power 
P=7U,  dissipated  in  a  film  at  such  voltages  (average 
power  P  -P/awdsi  for  U=Ui  is  equal  0.1  GW/cm3), 
and  glowing  of  the  drain  region,  allow  us  to  assume, 
that  the  observed  effects  are  caused  by  film  heating. 
Key  in  their  explanation  is  a  mechanism  of  pair 
concentration  change  in  a  non-uniformly  heated 
semiconductor  named  6-drift  [3,4]. 

2.1.  6-drift 

Suppose  there  are  electrons  and  holes  with 

concentration  and  mobility  n,  \xn  and  p,  pp 

respectively  in  a  silicon  film  (Fig.l),  n>p  and  the 

concentration  of  electron-hole  pairs  is  equal  p, 

VU* T-1M,  tipXT~22,  b=nn/n„KT^2  [5],  If  T=T{x), 

then  a  current  with  density  j  changes  concentration 

of  pairs  p  with  rate  g ,  which  (for  p»n-p)  is  given 

,  0.226  j  1  dT  rjn.  , 

by  g-  - - - - [3,4],  This  phenomenon 

(1  +  6)  e  T  dx 

of  pair  concentration  change  is  named  6-drift.  The 
signs  of  g  and  (-  jdT/dx )  are  the  same.  If 
(-  jdT/c bt)<0,  6-drift  decreases  p. 

2.2.  Occurrence  of  peak  and  oscillations 

Heat  flows  to  the  substrate,  source  and  drain 
resulting  in  silicon  film  cooling.  As  its  ends  are 
cooled  most  intensively  [6],  for  a  fixed  moment  of 
time  T(x)  is  a  curve  with  maximum  Tm  at  a  point  xm 
(curve  1  in  Fig.4).  The  point  xm  is  nearer  to  the 
drain,  because  the  high-resistance  area  near  it  is 
heated  strongly  with  current. 


Fig.4.  Schematically  shown  distribution  of  r(x) . 
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After  applying  of  U>Ui  the  current  growth 
(Fig. 2)  after  Tm  reached  the  temperature  7)  of 
intrinsic  conductivity  beginning  and  an  intensive 
thermal  generation  of  electron-hole  pairs  begins. 
After  pair  appearance  the  6-drift  occurs.  It  increases 
both  pair  concentration  and  fim  conductivity  in  the 
source-Jcm  area,  where  dT/dx< 0  and  g> 0,  and 
decreases  them  in  xm-drain  area,  where  dT/dx>0  and 
g< 0.  Such  film  conductivity  change  decreases  in  the 
course  of  time  the  current  I  and  temperature  Tm  from 
their  maximal  values  Itop  and  T£p  ,  and  moves  the 
greatest  field  strength  area,  and  therefore  the 
maximum  of  7i(x)  distribution,  to  a  drain  (curve  2  in 
Fig.4).  Upon  that,  increased  cooling  of  the 
maximum  temperature  area  by  the  drain,  as  xm 
approaches  it,  additionally  reduces  current  and 
temperature.  The  similar  change  of  E(x)  and  T(x)  by 
6-drift  also  was  observed  in  injected  electron-hole 
plasma  of  germanium  [3]  and  silicon  [4]  diodes  and 
was  accompanied  by  the  thermal  glowing  [7]. 

In  a  case  of  U>Uosc2  both  stationary  current  Ist 
(Fig.2,e)  and  temperature  distribution  are  established 
after  the  current  fall.  The  voltage  less  than  Uosc2 
does  not  provide  sufficient  heating  for  maintenance 
of  a  stationary  current.  In  this  case  current  and 
temperature  fall  down  to  initial  values  ( a-d ),  then  the 
recurrence  of  current  peaks  (c,  d)  is  possible. 

The  probe-drain  voltage  is  composed  from 
probe-xm  and  xm-drain  voltages.  Beginning  with 
heating,  the  6-drift  increases  conductivity  of  probe- 

xm  area,  where  dTldx< 0  and  gx|-T_1  dT/dx^> 0, 

and  reduces  the  voltage  across  this  area.  Voltage 
equalization  on  two  half  of  film  during  a  peak 
(Fig.2,6-e)  is  associated  with  this  reason. 

2.3.  Heating  temperature 

At  a  point  xm  the  rate  g=  0  and  pair  concentration 
p  is  changed  only  by  their  generation 
(recombination)  and  diffusion,  and  also  by  bipolar 
drift  at  small  p.  If  the  first  mechanism  changes  p 
more  strongly  than  others  and  pair  lifetime  r  is  much 
less  than  characteristic  time  of  Tm  changing,  then  the 
thermodynamic  equilibrium  n  and  p  values  are 
realized  at  point  xm.  Thus  for  Tm>Ti  there  are  n=p=ph 
where  pt  is  a  thermodynamic  equilibrium 
concentration  of  electron-hole  pairs  in  /-silicon.  The 
current  through  the  film  quasi-stationary  follows 
temperature  Tm  and  can  be  written  as 

I=wdSiep,{Tm){v„[E(xm),T]+vp[E(xm),T]}, 


where  v„  and  vp  are  electron  and  hole  drift  velocities 

[5]. 

We  have  replaced  E(xm)  by  the  average  field 
strength  value  U/a  and  have  constructed  I(Tm,U) 
curves.  Tm  were  found  from  comparison  of 
experimental  I(U)  values  with  those  curves  for 
various  I  at  U>Uh  The  above  replacement  did  not 
introduce  an  essential  error  to  the  calculated  Tm 
value,  because  the  current  depends  strongly  on  Tm 
(approximately  exponentially)  and  linearly  on 
(v„+Vp).  Therefore  the  dependence  of  Tm  from 
(v„+Vp)  is  weak.  Besides,  according  to  Uprobe 
measurements  (Fig.2)  the  heating  up  makes  the  E 
distribution  along  the  film  more  smoth. 

Some  values  of  film  maximal  temperature  Tm  and 
appropriate  pair  concentration  are  given  in  Figs.2,6 
and  3. 

2.4.  Thermal  resistance 

Temperature  values  Tm  in  a  film  at  currents  Ibase9 
I top  and  Ist  and  power  values  P,  equal  to  haseU,  ItopU 
and  IstU,  we  shall  denote  T^ase ,  T*°p  and  T* 
respectively.  They  were  calculated  from  the  data  of 
Fig.3.  In  all  changing  range  of  Tm  from  720  to 
1 100  K  and  power  from  0,01  to  0,25  W  (of  P  from 
0.05  to  1.5  GW/cm3),  values  TbJe  (o)  for  U<Uosc2 

and  T'°'>  (*)  converge  on  strait  line  Tm  -T'  =  RhP 
with  T'  =  Tbasetop  =690  K  and  thermal  resistance 

Rh=Rbhase’,op= 1830  K/W.  T*'  (■)  values  have  the 
similar  behavior.  In  this  case  T  =  Tst  =914  K, 
Rh=  Rsh*  =  590  K/W,  and  changing  ranges  of  Tm  P 

and  P  are  900. ..1200  K,  0.10... 0.65  W  and 
0.5... 3.6  GW/cm3. 

Calculated  temperature  dependence  on  power  is 
characteristic  for  stationary  heat  flow  through 
thermal  resistance  Rh.  If  it  is  supposed,  that  released 
heat  basically  leaves  in  a  drain,  then  V  value  is 
close  to  the  drain  temperature.  According  to  reasons 
of  section  2.2,  at  Ist  the  temperature  maximum  point 
xm  is  located  closer  to  the  drain,  than  at  Ibase  and  Itop. 
This  explains  inequalities  TJt  >  Tbasetop  and 

n  base, top  .  Dst 
Rh  >Rh  ■ 

The  stationary  kind  of  dependence  Tm  on  P  is  in 
accordance  with  the  assumptions  made  at 
temperature  Tm  definition. 
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3.  ESTIMATION  OF  CHARACTERISTIC 
VALUES 

Let’s  confirm  the  above  interpretation  by  an 
estimation  of  characteristic  values.  From  quasi¬ 
stationary  relation  between  current  and  temperature 
Tm  it  follows  that  pair  lifetime  r  is  less  than  the  peak 
duration.  From  the  data  of  Fig.2  we  have  obtained 
t  <  lps.  This  value  is  in  agreement  with  the  lower 
limit  value  of  r  »  0.1  ps,  given  in  Refs.  [1,2]. 

Let’s  denote  the  thermal  conductivity,  heat 
capacity  and  density  by  %,  c  and  p  respectively, 
then  coefficient  of  thermal  diffusion  Dh=%/cp. 
Values  of  quantities  in  silicon  and  oxide  we  shall 
mark  with  subscripts  "Si"  and  "ox",  £ox=const, 

Xsi  =  xsi(T)-  4«*)=4(OT)M(0x)are  times 

of  thermal  diffusion  through  silicon  and  oxide 
films,  f^«0.01  nS,  4(1000K)*l|iS  and 

x^x»Xsi{T).  This  inequality  allow  the  heat 
diffusion  in  silicon  film  to  be  treated  as  one¬ 
dimensional  process  with  leakage  of  heat  in  an 
isothermal  substrate  and  to  introduce  length  [6]  and 
time  of  cooling 

KooI^T)  —  T cool  ~  ( pSiPSi / Xox)^Si^ox  * 

The  time  tcoo/(1000K)  is  equal  0.5  pS,  that  is  in 

agreement  with  peak  duration  (Fig.2). 

The  voltage  Uprobe  increasing  during  the  peak 
(Fig.2,6-e)  is  due  to  the  temperature  gradient  with 

dTldx<0  and  goc^-7”1  dT/dx^O  occurrence  in 
probe-point  xm  area.  At  film  cooling  after  the  current 
peak,  T~l  dT/c be)  decreases  more  slowly  than 

Tm.  Therefore  Uprobe  falls  down  more  slowly,  than 
the  current  in  peak  (Fig.2, b-d). 

At  U>Uosc2  a  temperature  T“  >  is 

established  after  peak,  and  there  is  significant 
temperature  gradient  in  the  probe-point  xm  area. 
According  to  that  the  Uprobe  voltage  does  not 
decrease  after  the  peak  (Fig.2, e). 

The  length  A,coo/(l000K)=3  pm  and  is  about  half 

of  the  glowing  area  length.  Therefore  it  is  assumed 
that  the  glowing  of  a  film  is  associated  with  its 
heating. 

From  P  *  vdSiXsi(Tm)(Tm  -  T')/[^Tm)]  one 
can  easily  estimate  Rehs‘  « KTm)/wdSixSi(Tm)  ■ 


Resistance  Rf'(lOOOK)  »5-103  KAV,  that  is  at  the 
same  order  as  RbhaseJ°p . 

The  above  explanation  of  peak  occurrence 
assumes  that  the  pair  concentration  change  rate  g 
reaches  the  value  of  thermal  generation  rate,  whose 
maximum  is  pjx  .  Let’s  compare  these  values. 

Using  the  formula  for  g  (section  2.1),  we  shall 
write  such  expressions 

,  ,  0.22 b  (p„+Vp)p,U  1  T-T,  |  | _  p, 

^“(l  +  i.)2  «  T  X  t4 

for  introduction  of  xb.  At  T=1000  K  and  JJ~ 55  V 
the  time  0.1  pS  «  r  and  \g\ «  p,/t  . 
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The  effect  of  confinement  and  temperature  on  the  initial  hole  trapping  efficiency  of  buried 
oxide  films 
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Vacuum  ultraviolet  hole  injection  was  used  to  study  the  initial  trapping  properties  of  three  different 
types  of  buried  oxides,  SIMOX,  Unibond,  and  polySi/SiCVSi  samples.  After  accounting  for  the  charge 
centroid,  the  initial  hole  trapping  efficiency  for  SIMOX  samples  is  shown  to  be  at  least  a  factor  of  four  greater 
than  that  measured  for  Unibond  buried  oxides.  We  suggest  that  the  difference  is  due  to  the  post  fabrication 
anneal  temperature  and  the  lack  of  moisture  in  the  ambient  during  the  anneal. 


1.  INTRODUCTION 

Many  investigations  have  attributed  the 
dissimilarities  between  a  gate  oxide  and  buried 
oxide  (BOX)  to  the  encapsulation  and  high 
temperature  anneal  of  the  BOX  [1-5].  Using 
vacuum  ultraviolet  induced  hole  injection,  others 
have  investigated  the  hole  trapping  characteristic  of 
various  types  of  BOX  [6]. 

Focusing  on  the  trapping  of  positive  charge 
during  VUV  illumination,  we  have  used 
capacitance-voltage  (CV)  and  photocurrent-voltage 
(PIV)  measurements  to  study  different  types  of 
buried  oxides.  Unlike  earlier  work,  we  observe  a 
dependence  of  the  initial  trapping  rate  on  anneal 
temperature.  We  also  explore  the  effect  of 
confinement  by  comparing  charge  trapping  in 
nonburied  oxides  annealed  in  a  dry  environment 
with  buried  oxides  treated  at  the  same  temperature. 


Experimental  Details 

Three  different  types  of  buried  oxides  were 
examined.  Each  oxide  was  approximately  370  nm 
thick  and  annealed  in  an  Ar  +  1%  O2  ambient.  One 
wafer  was  formed  by  a  standard  Unibond  or  "Smart 
Cut”  process  where  the  oxide  is  subjected  to 
hydrogen  implantation,  a  step  necessary  to  form  the 
thin  top  Si  layer  of  the  Si/SiO^Si  structure,  and 


annealed  at  approximately  1100°  C  [7].  The 
SIMOX  wafers  were  formed  by  either  a  single 
implant  process  with  O  dose  of  1.5xl018  cm’2  or 
triple  implant  process  with  two  doses  of  0.5xl018 
cm2  and  one  dose  of  0.8x10* 8  cm’2.  Both  wafers 
were  annealed  at  1310°  C  for  5-6  hr  after  each 
implant  dose.  Several  oxides  were  thermally 
grown  in  steam  at  850°  C  on  (100)  Si.  A  450  nm 
thick  polysilicon  layer  was  deposited  onto  two  of 
the  steam  grown  oxides.  These  will  be  referred  to 
as  buried  thermal  oxides.  A  third  steam-grown 
oxide  remained  uncoated  and  will  be  referred  to  as 
the  non-buried  oxide.  The  buried  thermal  oxides 
were  annealed  at  1100°  C  or  1250°  C  for  5  hr,  and 
part  of  the  non-buried  oxide  sample  was  annealed 
in  dry  N2  (<  1  ppm  H2O)  at  1000°  C  for  5  hr. 
After  formation  of  the  Si/SiCh/Si  structures,  the 
top  silicon  layer  was  stripped  from  each  of  the 
BOX  samples,  and  Cr/Au  contacts  were  deposited 
on  the  oxide  surface.  Hole  injection  was 
performed  using  10.2  eV  light  from  a  30  W  D2 
lamp  while  a  field  of  1  MV/cm  was  applied  across 
the  MOS  capacitor.  One  MHz  CV  measurements 
made  before  and  after  hole  injection  indicate 
several  different  types  of  distortion;  however,  the 
most  prominent  effect  for  all  the  buried  oxides  is 
the  shift  along  the  voltage  axis,  AVcv.  This  total 
shift  will  be  interpreted  in  terms  of  trapped  hole 
density  through  the  equation,  xiQ=C0xAVcv  where 
xi  is  the  charge  centroid,  Q  is  the  total  trapped 
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charge  density,  and  C0x  is  the  oxide 
capacitance/contact  area.  The  charge  is  often 
separated  into  that  which  can  be  discharged  by  a 
reverse  bias  and  that  which  is  stable  with  respect  to 
bias  [8].  Here,  no  distinction  is  made  between  stable 
and  unstable  trapped  positive  charge.  Effects  from 
electron  trapping  during  VUV  illumination  due  to 

4- 5  eV  light  were  investigated  and  found  to  be 
negligible.  However,  electron  injection  caused  by 

5- 10  eV  photons  has  not  yet  been  considered. 

To  separately  determine  xi  and  Q,  we  have 
performed  photocurrent-voltage  (PIV) 
measurements  on  samples  before  and  after  VUV 
exposure.  Photocurrent  was  produced  using  a 
100W  Hg  lamp/monochrometer.  The  VUV-induced 
hole  trapping  can  cause  shifts  in  the  photocurrent 
along  the  positive  and  negative  gate  voltage  axis. 
These  shifts  may  be  combined  to  provide  the  total 
amount  of  charge  trapped  farther  than  about  3  nm 
from  the  interfaces  and  the  centroid  for  that  charge 
[9].  PIV  was  measured  between  0.5-1  MV/cm  to 
minimize  perturbation  in  AVcv  [9], 


2.  RESULTS 

Figure  1  illustrates  the  time  dependence  of 
hole  trapping  measured  on  triple  implant  SIMOX 
(■),  single  implant  SIMOX  (^  ),  and  Unibond  (•) 
wafers.  The  results  obtained  on  an  unannealed, 
non-buried  thermal  oxide  (9)  are  shown  for 
comparison.  The  initial  trapping  efficiency,  is 
defined  as  the  ratio  of  the  trapped  hole  density  to 
VUV  exposure  time  near  t=0  (the  initial  slope  of  the 
curve).  £,  for  the  SIMOX  data  is  a  factor  of  four 
greater  than  that  measured  for  the  Unibond.  Both 
are  at  least  an  order  of  magnitude  greater  than  £ 
measured  from  the  thermal  oxide  results.  The 
extended  time  behavior  of  the  hole  trap  density  of 
single  implant  SIMOX  is  different  from  that  of  the 
triple  implant  material,  but  more  complete  data 
must  be  obtained  before  the  detailed  kinetics  can  be 
determined.  It  is  tempting  to  attribute  the 
differences  illustrated  in  figure  1  to  fabrication 
technique,  but  the  results  shown  in  figure  2  suggest 
that  the  true  source  of  the  difference  is  anneal 
temperature.  Figure  2  compares  the  results  of  the 
triple  implant  SIMOX  (■)  and  Unibond  (•)  with 
data  obtained  from  buried  thermal  oxides  annealed 


Figure  1.  Density  ot  trapped  positive  charge 
calculated  from  CV  curve  shifts  during  VUV 
illumination  with  applied  oxide  field  of  1 
MV/cm.  ■  Triple  Implant  SIMOX; 

^  Single  Implant  SIMOX;  •  Unibond; 

0  unannealed  non-buried  thermal  oxide 


time  for  VUV  exposure  (min) 


Figure  2.  Density  of  trapped  positive  charge 
calculated  from  CV  curve  shifts  during 
VUV  illumination  with  applied  oxide  field 
of  1  MV/cm.  ■  Triple  Implant  SIMOX; 

□  1250°  C  annealed  buried  thermal  oxide; 

•  Unibond;  O  1100°  C  annealed  buried 
thermal  oxide;  +  1000°  C  dry  heat-treated 
non-buried  thermal  oxide 

at  1250°  C  (□)  and  1100°  C  (O).  The  buried 

oxide  data  coincide  when  the  anneal  temperature 
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is  similar,  regardless  of  fabrication  technique.  The 
figure  also  displays  the  results  obtained  from  a  non- 
buried  oxide  (+)  annealed  at  1000°  C  in  a  hydrogen- 
deficient  ambient.  The  anneal  conditions  were 
chosen  to  imitate  the  situation  experienced  by  a 
buried  oxide  in  which  the  Si  layer  prevents  most 
hydrogen -related  species  from  reaching  the  oxide 
during  the  anneal.  Although  the  long  time  behavior 
differs,  §  for  the  thermal  oxide  is  approximately  the 
same  as  that  obtained  from  the  Unibond  samples 
and  is  a  factor  of  4  smaller  than  the  data  measured 
on  the  higher  temperature  annealed  samples. 

Although  figures  1-2  provide  information 
regarding  the  shift  of  the  CV  curves  as  a  function 
of  VUV  exposure  time,  a  fundamental 
understanding  of  the  differences  between  the  buried 
oxides  requires  knowledge  of  the  charge  location 
and  total  trapped  charge  density,  independently.  To 
estimate  these,  PIV  measurements  were  performed 
on  the  capacitors  periodically  throughout  the  VUV 
hole  injection  process.  Figure  3  depicts  results 
obtained  during  the  first  15  s  for  a  Unibond  samples 
(fig.  3a)  and  30  s  for  the  single  implant  SIMOX 
(fig.  3b).  The  Unibond  sample  indicates  a  change 
in  the  positive  gate  bias  current  after  the  first  15  s  of 
hole  injection.  On  the  other  hand,  the  SIMOX  data 
indicate  a  change  in  the  negative  bias  photocurrent 
initially,  followed  by  continued  change  under 
negative  bias  and  a  small  shift  under  positive  bias. 
The  PIV  data  of  the  two  samples  suggest  that  the 
centroid  for  the  holes  trapped  in  Unibond  oxide  is 


Figure  3a.  PIV  curves  measured  during  VUV 
illumination  on  Unibond  buried  oxides  with 
applied  oxide  field  of  1  MV/cm.  (1)  before 
VUV  exposure  (2)  after  15  s  VUV  exposure 


near  the  Si/Si02  interface  (xi~l),  similar  to  the 
situation  in  a  buried  thermal  oxide.  However,  fig. 
3b  shows  that  the  centroid  for  trapped  holes  in  the 
SIMOX  sample  is  located  close  to  the  Al/Si02 
interface  initially  (xi~0),  and  then  moves  towards 
the  center  of  the  film  (xi~0.2).  Beyond  the  time 
period  shown  here,  the  PIV  curves  do  not  change. 


3.  DISCUSSION 

The  data  of  figure  2  illustrate  that  the 
initial  rate  of  hole  trapping  depends  on  the  anneal 
temperature  of  the  buried  oxide  and  is 
independent  of  buried  oxide  fabrication  technique. 
The  temperature  dependence  shown  in  figure  2  is 
consistent  with  x-ray  irradiation  studies,  but 
contrary  to  previously  reported  VUV  hole 
injection  studies  [1,6].  VUV  studies  similar  to 
those  reported  here  showed  that  hole  trapping  is 
identical  for  different  types  of  buried  oxides 
including  SIMOX  and  Unibond  [6],  The 
discrepancy  between  the  earlier  work  and  that 
presented  here  may  be  attributed  to  different 
irradiation  intensity.  We  estimate  that  the  D2 
source  used  for  our  experiments  is  three  orders  of 
magnitude  less  intense  than  the  Kr  discharge 
source  used  by  Afanes’ev  and  coworkers.  It  is 
likely  that  the  lower  intensity  decreases  the 


Figure  3b.  PIV  curves  measured  during  VUV 
illumination  on  Single  Implant  SIMOX  with 
applied  oxide  field  of  1  MV/cm.  (1)  before 
VUV  exposure  (2)  after  15  s  VUV  exposure; 
(3)  after  30  s  VUV  exposure 
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probability  of  trap  creation  that  is  known  to  occur 
during  use  of  the  higher  intensity  source  [6].  Thus, 
the  results  of  the  earlier  work  may  indicate  that  trap 
creation  by  VUV  irradiation  is  the  same  for  the 
different  types  of  samples,  while  our  work  suggests 
that  intrinsic  hole  trapping  differs  for  buried  oxides 
annealed  at  different  temperatures. 

The  location  of  the  trapped  holes  in  the 
Unibond  BOX  is  similar  to  that  observed  in  non- 
buried  thermal  oxides.  In  this  case,  holes  reside 
primarily  near  the  Si  substrate/Si02  interface.  The 
SIMOX  data  present  a  different  situation.  For  the 
single  implant  SIMOX,  the  centroid  for  the  trapped 
holes  is  weighted  closer  to  the  Al/Si02  interface 
than  to  the  Si/Si02  interface.  Further,  the  centroid 
moves  toward  the  Si  as  charge  trapping  proceeds. 
This  is  consistent  with  the  picture  suggested  by  x- 
ray  irradiation  studies  of  SIMOX  BOX  [1,10].  The 
PIV  results  imply  that  the  charge  density  reported 
in  figures  1  and  2  must  be  adjusted.  Because  the 
centroid  for  the  trapped  holes  in  SIMOX  is  less 
than  one,  the  charge  density  calculated  from  the  CV 
curve  shift  represents  less  than  the  total  amount  of 
charge  in  the  sample.  However  the  Unibond  data, 
which  exhibit  a  centroid  close  to  1,  represent  almost 
the  entire  charge  density.  After  accounting  for  the 
centroid,  £  for  SIMOX  will  be  larger  than  that 
calculated  from  figure  2,  and  the  difference 
obtained  for  the  initial  trapping  efficiency  between 
the  types  of  buried  oxides  will  be  increased.  We 
have  not  yet  obtained  a  reliable  centroid  for  the 
buried  thermal  oxides,  so  the  adjustment  required 
for  these  samples  is  not  known,  and  we  cannot  form 
a  quantitative  relationship  between  anneal 
temperature  and  hole  trapping.  We  can  conclude 
that  there  exists  at  least  a  factor  of  four  difference 
between  the  initial  trapping  efficiencies  for  SIMOX 
and  Unibond  buried  oxides. 

Finally,  consider  the  non -buried  thermal 
oxide  data  represented  by  V  in  figure  2.  The 
similarity  between  these  data  and  the  1100°  C 
annealed  buried  oxide  data  for  time  less  than  0.5 
min  suggests  that  the  presence  of  the  top  Si  is  not 
the  key  feature  determining  the  initial  hole  trapping 
characteristics.  Rather,  the  hydrogen-deficient 
environment  experienced  by  a  buried  thermal  oxide 
during  the  post  fabrication  anneal  is  responsible  for 
the  behavior. 


4.  SUMMARY 

Using  VUV  hole  injection  and  PIV 
measurements,  we  have  determined  that  the  hole 
trapping  efficiency  for  SIMOX  samples  is  at  least 
four  times  that  for  Unibond  samples.  The 
difference  appears  to  be  related  to  the  anneal 
temperature  rather  than  the  fabrication  technique. 
Comparison  to  a  non-buried  oxide  subjected  to  a 
moisture-deficient  heat  treatment  suggests  that  the 
source  of  the  difference  is  the  lack  of  hydrogen- 
related  species  reaching  the  buried  oxide  during 
the  anneal. 
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With  the  development  of  digital  SOI  technologies  for  portable  communication  systems  [1,  2],  high  frequency 
modelization  and  design  efforts  are  necessary  to  take  into  account  some  specific  SOI  effects.  In  this  paper  we 
evaluate  the  influence  of  the  transistor  design  (process  and  geometry)  on  its  frequency  performances.  We 
particularly  investigate  the  influence  of  gate  length  and  width,  the  adjunction  of  body  ties  to  avoid  floating  body 
effects,  and  the  DTMOS  structure  [3-5]  for  low  voltage  applications. 


1.  INTRODUCTION 

During  the  last  decade,  the  growing  needs  of 
wireless  communications  in  the  GHz  range  leads  to 
the  development  of  specific  high  frequency 
technologies,  like  GaAs,  bipolar  SiGe,  BICMOS, 
etc.  However,  the  gate  length  shrinking  of  silicon 
CMOS  technologies  improves  their  high  frequency 
performances  and  make  them  suitable  for  GHz 
operation.  In  particular,  SOI  CMOS  technologies, 
developed  for  digital  applications  [6,  7],  show  good 
frequency  results  at  low  supply  voltage.  SOI 
performances  allow  integration  of  RF  parts  with 
digital  treatment  on  a  single  chip.  This  reduces  both 
cost  and  power  consumption  of  portable  systems.  In 
this  paper,  we  show  the  high  frequency  performances 
of  a  partially  depleted  0.25pm  SOI  technology  [8]. 
In  a  first  part,  we  show  the  influence  the  transistor 
design  and  process.  In  a  second  part,  we  show  the 
influence  of  body  ties,  and  the  potential  of  DTMOS 
for  very  low  voltage  (0.6  V)  RF  applications. 

2.  TECHNOLOGY  AND  EXPERIMENT 
DESCRIPTION 

NMOS  and  PMOS  transistors  are  processed  in  a 
partially  depleted  0.25pm  SOI  technology  (Fig. 
la).  The  substrates  are  8’  UNIBOND  wafers  with  a 
resistivity  of  20  Q.cm.  LOCOS  dielectrically  isolates 
transistors.  After  gate  oxide  growth,  a  poly  silicon 
gate  is  deposited  and  etched.  Low  Doped  Source  and 


Drain  (LDS  and  LDD)  allows  to  improve  reliability 
and  short  channel  effects.  After  oxide  spacer 
process,  the  active  region  is  silicided  (TiSi2)  to 
reduce  the  source,  drain  and  gate  access  resistances. 
The  final  thickness  of  gate  oxide,  silicon  film  and 
buried  oxide  are  respectively  45  A,  1000  A,  and 
4140  A. 

Transistors  were  measured  with  a  Cascade  probe 
station  and  an  HP8510  network  analyzer.  They  are 
composed  of  several  gate  fingers  to  reduce  the  gate 
access  resistance  (Fig.  lb).  They  are  embedded  in  a 
coplanar  waveguide  structure,  and  a  TRL  calibration 
is  realized  with  in  situ  calibration  structures. 

3.  INFLUENCE  OF  THE  TRANSISTOR 
GEOMETRY  AND  PROCESS 

Fig.  2  shows  the  transition  frequency  fT  and  the 
maximum  oscillation  frequency  f^  versus  transistor 
gate  length  L.  The  tested  transistors  have  Nf  =  8  gate 
fingers  of  Wf  =  12.5  pm  width  (total  width 
W  =  Wf  x  Nf =  8  x  12.5  =  100  pm).  The  gate  and 
the  drain  are  biased  at  1.5  V.  fT  increases  inversely 
to  the  gate  length  L,  which  is  consistent  with  the 
usual  transconductance  behavior  (gm  oc  1/L). 
Moreover  the  fT  of  NMOS  is  approximately  1.7  time 
higher  than  the  fT  of  PMOS  because  of  the  electron 
and  hole  mobility  ratio.  For  both  NMOS  and  PMOS 
devices,  f^  is  higher  than  fT  for  long  gate  length 
(0.8  pm),  and  lower  than  fT  for  short  gate  length 
(0.25  pm),  fmax  is  affected  by  parasitic  elements  (gate 
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and  source  resistances),  while  fT  is  not,  as  shown  by 
their  analytic  expressions  (Fig.  3).  The  gate 
resistance  Rg  (Fig.  3)  increases  as  the  gate  length  is 
reduced,  and  contributes  to  degrade 

Transistors  with  different  width  of  gate  fingers  Wf 
have  been  tested  to  evaluate  the  influence  of  the  gate 
geometry.  Fig.  4  shows  that  fT  remains 
approximately  constant.  The  variations  of  gate  and 
source  resistances  Rg  and  Rs  with  Wf  does  not 
influence  fT  as  shown  by  fT  expression  on  Fig.  3.  The 
slight  decrease  of  fT  for  short  Wf,  at  3.1  pm,  is 
probably  due  to  the  influence  of  LOCOS  edge 
capacitances.  Fig.  4  also  shows  that  fniax  becomes 
higher  than  fT  when  Wf  decreases.  fmax  reaches  a 
maximum  value  and  saturates  when  Wf  <  6.25  pm. 
Rg  and  Rg  strongly  influence  f^  (Fig.  3).  When  Wf 
decreases,  Rg  decreases,  but  Rg  increases  (Fig.  3). 
Both  the  expression  of  f^  (Fig.  3)  and  the  HF 
measurements  (Fig.  4)  show  that  an  optimum  fmax 
can  obtained  for  3.1  pm  <  Wf  <  6.25  pm.  If  the  gate 
sheet  resistance  was  lower  (aluminium  or  T-gate), 
the  maximum  f^  would  have  been  obtained  for 
wider  transistor  gate  fingers.  To  summarize,  fT  and 
fmax  values  higher  than  respectively  40  GHz  and 
50  GHz  are  reached  for  0.25  pm  NMOS 
transistors  at  1.5  V  with  optimized  geometry 
(short  gate  fingers). 

Fig.  5  shows  the  fT  and  fniax  values  versus  supply 
voltage  for  the  0.25pm  NMOS  and  PMOS 
transistors  with  optimized  geometry  (Wf  =  6.25  pm, 
Nf  =  8).  fT  and  fmax  of  floating  body  NMOS  and 
PMOS  are  constant  on  a  wide  range  of  supply 
voltage  down  to  1  V.  The  floating  body  effect  of 
SOI  transistors  lowers  the  threshold  voltage  and 
allow  high  frequency  operation  at  low  supply 
voltage. 

4.  BODY  TIES,  DTMOS 

Adding  body  ties  to  a  transistor  implies  a  specific 
gate  shape.  We  tested  transistors  with  an  H-shape 
gate  (Fig.  lc)  [9]  with  either  a  standard  or  an 
improved  version  of  design  rules.  Transistors  with 
grounded  body  are  useful  to  avoid  floating  body 
effects.  Another  interesting  structure,  the  DTMOS 
(Dynamic  Threshold  voltage  MOS)  [3-5],  is 
obtained  by  connection  of  body  ties  to  gate  instead 
of  ground.  DTMOS  can  be  used  for  very  low  supply 


voltage  applications  (0.6  V).  Fig.  6  compares  the  HF 
performances  of  NMOS  with  floating  body, 
grounded  body,  and  DTMOS.  The  grounded  body 
and  the  DTMOS  transistors  are  designed  with  either 
standard  or  improved  design  rules.  Fig.  6  shows  the 
higher  fT  and  f^  values  obtained  with  the  new 
version  of  design  rules. 

At  high  supply  voltage  (>  1  V),  the  DTMOS  and  the 
grounded  body  NMOS  with  new  design  mles  show 
good  high  frequency  results,  close  to  the  floating 
body  NMOS.  The  new  design  mles  lower  the 
parasitic  gate-source  and  gate-drain  capacitances 
induced  by  the  specific  gate  shape. 

At  low  supply  voltage  (<  1 V),  the  observed 
differences  are  due  to  the  variation  of  the  threshold 
voltage  with  the  transistor  structure.  The  grounded 
body  transistor  has  a  higher  threshold  voltage 
(Vt  =  0.61V)  than  the  floating  body  transistor 
(Vt  =  0.56  V)  and  shows  the  lowest  fT  and  f^ 
values.  However,  it  can  be  used  for  1  V  applications 
without  any  performance  degradation.  DTMOS  has 
the  lowest  threshold  voltage  (Vt  =  0.48  V)  and 
shows  the  best  performances  at  low  supply  voltage. 
At  0.6  V,  the  fT  and  fmax  values  of  the  DTMOS 
with  improved  body  tie  design  rules  are 
respectively  of  16  GHz  and  33  GHz. 
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Fig.  1  :  Section  (a)  and  top  views  of  SOI  transistors 
without  (b)  or  with  (c)  body  ties.  The  transistors 
have  Nf  gate  fingers  of  Wf  width. 
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Fig.  2 :  Transition  frequency  fT  and  maximum 
oscillation  frequency  fmax,  versus  gate  length  L  of 
NMOS  and  PMOS  transistors. 
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with  R  g  and  R  s  the  gate  and  source  sheet 
resistances. 


Fig.  3  :  Simplified  small-signal  equivalent  scheme, 
and  analytic  expression  of  fT  ,  f^  ,  Rg  and  Rs  [5]. 
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finger  width  Wf  (pm) 


Fig.  4 :  Transition  frequency  fT  and  maximum 
oscillation  frequency  versus  the  finger  width  Wf 
of  NMOS  transistors. 


Fig.  5  :  Transition  frequency  fx  and  maximum 
oscillation  frequency  versus  supply  voltage  for  a 
0.25  Jim  NMOS  transistor  with  8  gate  fingers  of 
6.25  pm  width  (Nf =  8,  Wf  =  6.25  pm).  The  gate  and 
the  drain  are  both  connected  to  the  supply  voltage. 


a)  Transition  frequency  fT 


Supply  voltage  (V) 


Fig.  6  :  Transition  frequency  fx  and  maximum 
oscillation  frequency  versus  the  supply  voltage 
of  NMOS  without  body  ties  (floating  body),  with 
body  ties,  and  DTMOS.  The  gate  and  the  drain  are 
both  connected  to  the  supply  voltage.  The  open 
symbols  of  NMOS  with  body  ties  and  DTMOS 
correspond  to  the  standard  version  of  H-gate  design 
rules.  The  full  symbols  correspond  to  the  improved 
design  rules. 
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A  new  model  is  proposed  for  the  extraction  of  the  recombination  lifetime  in  partially  depleted  (PD)  SOI 
MOSFETs.  The  model  uses  drain  current  overshoots  induced  when  turning  on  the  transistor  or  when  pulsing  the 
back  gate  from  strong  accumulation  to  depletion.  This  model  is  validated  through  systematic  simulations  and  is 
applied  to  the  characterization  of  recent  SOI  substrates. 


1.  INTRODUCTION 

The  future  progress  in  SOI  technology  is  closely 
related  to  the  availability  of  accurate  characterization 
techniques.  One  of  the  main  parameters  for  SOI 
materials  (crystal  quality)  and  devices  (floating-body 
effects)  is  the  carrier  lifetime  [1,2].  Drain  current 
transients  (undershoots)  in  partially  depleted  (PD) 
SOI  MOSFETs  were  used  for  the  extraction  of  the 
generation  lifetime  [3].  The  recombination  lifetime 
has  been  determined  from  photoconductivity-decay 
[1]  and  pulsed  MOS  capacitors  [4].  This  paper 
presents  a  new  general  model  for  the  evaluation  of 
the  recombination  lifetime  from  the  drain  current 
overshoot  in  both  single-gate  and  dual-gate  PD  SOI 
MOSFETs. 

2.  DUAL-GATE  TRANSIENTS 

The  drain  current  overshoot  is  obtained  by 
maintaining  the  front  interface  in  strong  inversion 
(VG1  >  VT),  while  the  back-gate  is  pulsed  from 
accumulation  to  depletion  (Fig.  1).  Consequently,  the 
large  accumulation  charge  existing  at  the  back 
interface  is  expelled  into  the  neutral  body  and  the 
depletion  region  shrinks  rapidly.  The  body  potential 
increases  and  causes  the  threshold  voltage  to  drop 
(i.e.  excess  current).  The  carrier  recombination 
process  results  in  the  relaxation  of  the  "neutral"- 
body  potential,  VBs(t)  (Fig.  2),  inducing  a  drain 
current  transient  overshoot  (Fig.  1).  Atlas  2-D 
numerical  simulations  fully  reproduce  the 
experiment. 


Fig.  1.  Experimental  setup  and  current  overshoots 
obtained  in  PD  SOI  MOSFETs. 


3.  MODEL 

The  charge  balance  relation  describing  the  current 
overshoot  is: 

^2.  +  ^js-  =  -qR(t)-qnis  (1) 

dt  dt 

where  QD  is  the  depletion  charge,  s  is  the  effective 
surface  recombination  velocity  and  Qa  is  the 
accumulation  charge  at  the  back  interface.  QD  and  Qa 
are  correlated  with  the  channel  inversion  charge  and 
the  potential  raise,  TB(t)  =  VBs(0  -  VBS(°o)}  through 
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the  front-gate  and  back-gate  charge-potential 
equations: 

QD(t)  =  -qNAw(t)  =  V2ssiqNA('I's(t)-'FB(t))  (2) 
-QD(t)-Qmv(t)  =  -c0Xl[VG1  - Vfb,  -  V,(t)]  (3) 
Qa(t)  =  -C0X2[VG2  “  Vfb2  -^bW]  (4) 

where  w(t)  is  the  depletion  region  depth,  VFbi  is  the 
flat-band  voltage  at  the  front  interface,  Qinv(t)  is  the 
inversion  channel  charge.  During  the  transient,  the 
front  interface  is  permanently  in  strong  inversion, 
hence  the  surface  potential  T's  is  constant,  vFs=2'Ff. 


i 


-0.45  1 - 1 - 1 - - * - 1 - 1 

0  1  2  3  4  5 

Time  (s) 

Fig.  2.  Transient  variation  of  the  body  potential  and 
recombination  rate  after  the  back-gate  pulse. 

The  volume  recombination  rate  is  given  by  the 
SRH  mechanism: 

R  =  (p-n-n12)/[Tp(n  +  n1)  +  Tn(p+pi)]  (5) 


ET-Ej  Ej-ET 

n^n^e  kT  andpj^nje  kT  (6) 

where  E5  is  the  middle  gap  energy,  ET  is  the  trap 
level  energy  and  Tnp  are  the  electron  and  hole 
recombination  lifetimes.  In  the  following 
calculations  we  assume  that  Tn=Tp=xR  and  EpEp. 

The  carrier  concentrations  n  and  p  can  be 
expressed  as: 

Tj  -Qn 

n=nie  Vth  =niex,p  =  nie  v*  =  niea-x(7) 


where  T/i=  -E/q  is  the  intrinsic  potential,  (>n=-EFn/q 
and  (|)p=-EFp/q  are  the  quasi-Fermi  potentials, 
Vth  =  kT/q ,  a  =  xFB/Vth,  x  =  OF*  - On)/ Vth . 

The  increase  in  the  "neutral" -body  potential,  ^ b(0> 
calculated  at  the  source  edge  of  the  body  and  at  the 
back  interface,  is  expressed  as  'FB=(|)p-(|)n. 

The  product  np  is  an  in-depth  constant, 
depending  only  on  the  transient  variation  of  the 
Tb 

potential  TV  p-n  =  ni2eVth  =nj2ea.  Relation  (5) 
becomes: 


tr  ex+ea~x+2 


Si-film  deph  (pm) 

Fig.  3.  In-depth  variation  of  the  recombination  rate 
lms  after  pulsing  the  back  gate  ( —  2D  simulation, 

—  triangular  approximation). 

The  recombination  rate,  R,  is  maximum  in  the 
depletion  region  at  the  film  depth  where  x  =  a  /  2 
(i.e.  where  the  sum  of  hole  and  electron 
concentrations,  n+p,  is  minimum  and  n=p): 

a 

Rmax(t)=^-(e2-1).  (9) 

2tr 

Figure  3  illustrates  the  in-depth  variation  of  R(t), 
suggesting  a  triangular  approximation: 

R(t)  =  ^Rmax(t)Weff(t)  (10) 

where  Weff(t)  is  an  effective  recombination  region. 

The  recombination  takes  place  in  the  depletion 
region  and  not  in  the  neutral  region  as  it  could  have 
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been  expected.  The  effective  recombination  width, 
Weff(t),  can  be  approximated  as  a  function  of  T/B(t). 
We  define  Weff  =  wrw2  (see  Fig.  4)  as  the  region 
where  the  recombination  rate  is  higher  than  5%  of 
the  peak  value.  This  condition,  replaced  in  equation 
(8)  gives:  A  <  x-a/2  <  4,  which  indicates  the 
variation  of  the  potential  T'j  -  <|)n  within  the  effective 
recombination  region  Weff:  TV2  -  4Vth  <  <f)n  ^ 
'FB/2  +  4Vth  (Fig.  4). 


Fig.  4.  In-depth  variation  of  the  potential  TV< (>„  and 
recombination  rate. 


The  potential  TV^n  varies  between  T'p  (at  the 
front  interface)  and  T^t)  -  (in  the  "neutral" 
region)  and  equals  Tb/2  at  the  point  of  maximum 
recombination  rate. 

Taking  into  account  the  parabolic  potential 
dependence,  we  calculate  the  limits  Wj  and  w2  and 
the  first-order  approximation  of  the  effective 
recombination  region  depth: 


Weff(t)  =  W2w(t> 


Vth 

2'PF-VB(t) 


Finally,  the  total  recombination  rate  is  given  by: 


R(t)  =  1  NA  (e- W 

tr  aV2  w(t) 


(ID 


LHS(t)  = 
LHS(t)  = 
RHS(t)  = 


RHSO)+s 


dw(t)  1  + 
dt  [ 

_1 _ 1_ 

AV2  w(t) 


^2x2.  W(t) 

SSi 


,S  =  s 


e-Aw(t)2  ni 

NA. 


(12) 

(13) 

(14) 


In  the  linear  region  of  operation  (low  VD),  Qinv  is 
given  as  a  function  of  the  drain  current  Io(t): 


Qinv(0  =  - 


Ip(t) 

VppZ/L 


(15) 


where  p  is  the  carrier  mobility,  Z  is  the  device  width 
and  L  its  length.  Combining  equations  (2)-(3)  yields 
the  relation  between  the  variations  of  w(t)  and  ID(t): 

w(t)  =  Wo,  +  K[l0O  -ID(t)]  (16) 


with  K  1  =  qnNAVD(Z/L) ;  w„  and  I*,  are  the 
steady-state  depletion  depth  and  drain  current, 
respectively. 


Fig.  5.  Extraction  of  xR  from  the  drain  current 
overshoot  in  a  Low-Dose  SIMOX  MOSFET. 

The  plot  of  LHS(t)  versus  RHS(t)  (Fig.  5)  gives 
the  recombination  lifetime  Tr  (slope)  and  S  (the 
intercept). 


with  A=qNA/(4£SiVth). 

Eliminating  TVO  between  equations  (1),  (2),  (3) 
and  using  (11)  for  the  recombination  rate  leads  to  a 
generic  Zerbst-type  relationship: 


4.  SIMULATION 

The  model  was  validated  by  a  self-consistent 
procedure:  drain  current  overshoots  were  simulated 
by  injecting  into  the  simulator  a  recombination 
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Table  I.  Recombination  model  validation:  comparison  between  carrier  recombination  lifetimes  injected  into  the 
simulator  and  those  extracted  from  simulated  single-gate  and  dual-gate  drain  current  overshoots. 


0.05 

0.1 

0.5 

1 

Extracted 

^extr  (PS) 

0.0538 

0.108 

0.506 

1.05 

Dual-gate 

0.054 

0.109 

0.508 

1.06 

lifetime  and  applying  the  model  to  extract  xR  from 
the  simulated  curves. 

Table  I  shows  the  excellent  matching  found 
between  the  extracted  values  and  those  initially 
imposed,  for  a  wide  range  of  recombination 
lifetimes.  The  validation  was  conducted  for  various 
SOI  MOSFET  structures  (oxide  and  film 
thicknesses,  film  doping)  and  bias  conditions 
(different  front-gate  pulse  magnitudes). 

5.  SINGLE-GATE  TRANSIENTS 

A  similar  drain  current  overshoot  can  be  obtained 
by  pulsing  the  front  gate  from  depletion  to  strong 
inversion  while  the  back  gate  is  grounded.  The 
minority  carriers  needed  in  the  inversion  channel  are 
rapidly  supplied  by  the  source/drain  regions.  The 
positive  pulse  on  the  front  gate  leads  to  the  extension 
of  the  depletion  region,  but  the  majority  carriers 
expelled  from  this  region  cannot  be  removed 
instantaneously  and  are  stored  in  the  neutral  body. 
This  induces  a  temporary  increase  in  the  potential  of 
the  "neutral” -body,  VBS(t),  and  results  in  an  excess 
drain  current.  The  recombination  model  is  simpler  in 
this  case: 

=  — qR(t)  -  qnjs  (17) 

In  the  single-gate  transient  the  expression  of  R(t)  is 
the  same  as  in  the  dual-gate  case,  allowing  the 
extraction  of  the  recombination  lifetime  from  the 
drain  current  transient.  A  Zerbst-type  relation  similar 
to  relation  (12)  is  obtained,  with  the  same  RHS  and: 

LHS(t)  =  ^  (18) 

dt 

with  w(t)  =  w00  +  K[l00-ID(t)]. 

Extracted  values  of  the  recombination  lifetime 
from  simulated  single-gate  transients  are  presented  in 


Table  I  where  the  same  self-consistent  procedure 
was  used  for  validating  the  model. 

6.  APPLICATION 

This  model  has  been  used  to  characterize  two 
recent  SOI  materials:  UNIBOND  (xR  =  3ps)  and 
Low-Dose  SIMOX  (xR  =  0.5ps).  The  symmetric 
experiment  performed  by  pulsing  the  back-gate  in 
strong  inversion  allows  to  estimate  the 
recombination  lifetime  at  the  back  interface. 

The  extracted  lifetime  decreases  substantially  in 
short  channels,  where  the  source-  and  drain-body 
junctions  contribute  to  the  evacuation  of  the  majority 
carriers. 


7.  CONCLUSION 

Single  or  dual-gate  drain  current  overshoots  can  be 
used  for  estimating  the  carrier  recombination  lifetime 
in  partially  depleted  SOI  transistors.  Both  interfaces 
can  be  characterized  and  compared  using  symmetric 
experiments.  A  simple  model,  based  on  a  triangular 
approximation  of  the  recombination  rate  was 
proposed  for  the  analysis  of  all  types  of  overshoot. 
Optimal  extraction  of  the  recombination  lifetime 
requires  the  use  of  long  channels,  the  extracted 
lifetime  in  short  channels  being  strongly  affected  by 
the  junctions  influence. 
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The  interactions  of  hydrogen  (deuterium  used  as  tracer)  with  Si-Si02-Si  buried  oxide  layers  (BOX)  prepared 
by  thermal  oxidation  or  by  oxygen  implantation  (SIMOX)  are  investigated  using  Secondary  Ion  Mass 
Spectrometry  (SIMS)  measurements  combined  with  effusion  experiments  and  isothermal  annealings. 


1.  INTRODUCTION 

Oxygen  implantation  (SIMOX,  for  «  separation 
by  implantation  of  oxygen  »)  is  one  way  to  process 
buried  Si02  layers  in  Silicon  for  silicon-on-insulator 
(SOI)  technology  [1].  Another  way  to  get  buried 
Si02  layers  is  the  thermal  oxidation  of  a  silicon 
substrate  followed  by  the  deposition  of  an  poly-Si 
layer  recrystallized  by  laser  zone  melting  (ZMR)  [2]. 
Hydrogenation,  typically  using  a  plasma  source,  is 
used  to  improve  the  electronic  properties  of  poly-  or 
microcrystalline  silicon  for  electronic  devices  [3].  In 
general,  it  is  admitted  that  passivation  occurs  when 
hydrogen  is  trapped  on  dangling  bonds  [4],  on 
extended  defects  as  silicon  grain  boundaries  or 
dislocations.  Heterogeneous  interfaces  such  as 
silicon-silicon-dioxide  interfaces  also  presents 
electrically  active  centers  able  to  trap  hydrogen 
atoms  [5].  The  deuterium  permeation  through  the 
silicon  overlayer  and  the  trapping  in  the  oxide  have 
been  previously  studied  in  a  high  range  of 
temperature  (500-1000°C)  in  SIMOX  structures, 
using  a  deuterium  gas  source  and  nuclear-reaction 
analysis  as  characterization  technique  [6]  and  the 
diffusion  coefficient  of  hydrogen  has  been 
calculated  in  thermal  Si02  by  capacitance 

measurements  [7]. 


In  the  present  work,  the  interactions  of 
hydrogen  (deuterium  used  as  a  tracer)  with  Si02 
buried  layers  (BOX)  prepared  by  thermal  oxidation 
(ZMR)  or  by  oxygen  implantation  (SIMOX),  were 
investigated  using  Secondary  Ion  Mass 
Spectrometry  (SIMS)  measurements  combined 
with  effusion  experiments  and  isothermal 
annealing. 

2.  EXPERIMENTAL 

The  deuteration  of  the  samples  was  performed 
in  a  deuterium  RF  plasma  reactor  (Deuterium 
plasma  pressure:  lmbar)  at  different  temperatures 
(plasma  power  density  lW/cm2)  during  30  min. 
The  deuterium  concentration  profiles  were 
obtained  by  SIMS  measurements  with  a  CAMECA 
IMS4F  apparatus,  with  a  Cs+  primary  ion  beam 
(14  keV,  5.10'3  A/cm2).  The  crater  depths  were 
measured  with  a  Tencor  stylus  profilometer  and 
the  absolute  concentrations  were  determined  by 
calibration  with  deuterium  implanted  Si  standard 
specimen. 

Effusion  spectra  were  measured  by  a 
quadrupole  mass  spectrometer  coupled  to  an 
evacuated  quartz  tube  (10_1°  mbar)  which 
contained  the  deuterated  samples,  which  were 


0167-9317/99/$  -  see  front  matter  ©  1999  Elsevier  Science  BY.  All  rights  reserved. 
PII:  SOI 67-93 17(99)00405-0 


360 


D.  Ballutaud  et  al.  /  Microelectronic  Engineering  48  ( 1999)  359-362 


submitted  to  a  linear  heating  rate  (15°C/min)  or 
isothermal  annealing.  The  pumping  was  controlled 
so  that  the  mass  spectrometer  signal  was 
proportional  to  the  deuterium  gas  flow  outgassing 
from  the  sample,  and  was  normalized  to  one  square 
centimeter  sample  surface  [8]. 

3.  RESULTS 

3.1.  Deuterium  diffusion  profiles  in  BOX 

Figure  1  shows  the  influence  of  the  temperature 
on  deuterium  diffusion  profiles  in  a  SIMOX  sample. 
Permeation  through  the  implanted  oxide  layer  occurs 
at  temperatures  higher  than  250  °C. 


aLcm-3 

1.00E+22  t 

1.00E+21 
1.00E+20 
1.00E+19 
1.00E+18 
1.00E+17  + 
1.00E+16  4- 
1.00E+15 


Figure  1 .  Deuterium  concentration  profiles  in 
SIMOX  samples;  after  deuteration  at  250°C  (a)  and 
at  150°C  (b)(lW/cm2  during  30  min). 


Figure  2.  Deuterium  concentration  profiles  in 
ZMR  samples;  (a)  after  deuteration  at  250°C;  (b) 
sample  (a)  after  isothermal  annealing  at  600°C 
during  2  hours  (lW/cm2  during  30  min). 


The  deuterium  diffusion  profiles  observed  in  the 
superficial  mono-Si  layer  are  in  good  agreement 
with  the  previous  works  of  D.  Mathiot  et  al  [9,  10]. 
The  deuterium  profiles  exhibit  undulations 
showing  that  some  deuterium  is  trapped  on 
residual  reactive  sites  in  the  superficial  mono-Si 
and  in  the  implanted  oxide  layers.  The  deuterium 
concentration  profile  in  the  BOX  and  in  the  silicon 
substrate  evidences  some  trapping  on  defects 
(silicon  inclusions  or  oxide  protusions) 

The  diffusion  profile  after  deuteration  at 
250°C  in  ZMR  sample  is  depicted  in  figure  2 
(curve  a).  The  deuterium  diffusion  profile  follows 
accurately  an  erfc  function  in  the  poly-Si 
superficial  layer  with  an  effective  diffusion 
coefficient  of  5.5  10'13  cm2  s'1  at  250  °C  (Figure 
3),  although  it  is  not  generally  the  case  in 
polycrystalline  silicon  [11,  12].  The  large 

deuterium  peak  at  the  poly-Si/Si02  interface 

shows  an  important  deuterium  trapping  between 
the  thermal  oxide  and  the  polycrystalline  silicon 
layer. 


at.cm  3 
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Figure  3.  Simulation  of  the  deuterium  diffusion 
profile  in  the  poly-Si  corresponding  to  curve  (a)  in 
figure  2. 


3.2.  Effusion  results 

The  deuterium  effusion  spectra  obtained  from 
SIMOX  and  ZMR  samples  after  deuteration 
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(lW/cm2  at  250°C  during  30  min)  are  reported  in 
figure  4  (respectively  curves  a  and  b).  The  SIMOX 
sample  effusion  spectrum  presents  three  large  peaks 
at  respectively  380  °C,  480  °C  and  820  °C,  with 
some  shoulders  at  300  °C  and  650  °C.  By 
comparison  with  previous  results  obtained  on 
monocrystalline  silicon  [10],  the  300  and  380  °C 
effusion  features  may  be  attributed  to  deuterium 
accumulated  just  beneath  the  surface  where  defects 
and  traps  due  to  plasma  damage  are  in  a  high 
concentration,  while  the  breaking  of  isolated  Si-D 
bonds  may  be  responsible  for  the  effusion  peak  at 
480  °C;  Then  the  high  temperature  peaks  at  630  and 
820  °C  would  be  due  to  the  effusion  of  deuterium 
trapped  in  the  buried  oxide  layer  and/or  at  the 
interfaces  Si-Si02. 

A  deuterated  SIMOX  sample,  with  the 
same  deuteration  conditions  as  above,  was  treated  by 
potassium  hydroxide  in  order  to  etch  off  the  top 
silicon  layer  of  the  BOX  structure,  and  was 
submitted  to  an  effusion  experiment.  The  results 
(Figure  4,  curve  c)  show  that  actually  the  four 
effusion  peaks  at  300,  380,  480  and  630  °C  may  be 
attributed  to  deuterium  coming  from  the  top  silicon 
layer  and  the  top  silicon  /  BOX  interface.  The  peak 
at  820  °C  (Figure  4,  curve  c)  would  be  due  then  to 
the  effusion  of  deuterium  trapped  in  the  oxide  layer 
or  at  the  second  BOX  /  silicon  interface.  It  must  be 
pointed  out  that  a  continuous  deuterium  effusion 
flow  is  still  observed  between  400  °C  and  630  °C  for 
the  etched  sample. 

The  deuterium  effusion  spectrum  of  the  ZMR 
sample  after  deuteration  at  250  °C  during  30  min, 
presented  on  figure  4,  curve  b,  shows  two  main 
effusion  peaks  at  respectively  380  and  520  °C,  with 
a  shoulder  at  620  °C  and  a  small  effusion  feature  at 
820  °C.  The  important  peak  at  620°C  could  be 
explained  by  the  effusion  of  the  deuterium  trapped 
on  the  poly-Si/Si02  interface. 

After  etching,  only  a  high  temperature 
deuterium  effusion  peak  at  about  900  °C  is  detected. 

3.3  Thermal  annealing 

The  results  of  an  isothermal  annealing  at  600°C 
during  2  hours  performed  on  a  deuterated  SIMOX 
sample  are  presented  in  figure  5.  It  may  be  observed 


that  mainly  deuterium  contained  in  the  silicon  top 
layer  has  outdiffused  after  this  thermal  treatment, 
and  that  deuterium  concentration  in  the  BOX  after 
isothermal  annealing  is  of  the  same  order  as  before 
annealing.  The  deuterium  concentration  profile  in 
the  oxide  layer  has  become  constant. 


T°C 

Figure  4.  Deuterium  effusion  spectra  from 
SIMOX  sample  (curve  a),  ZMR  sample  (curve  b) 
after  deuteration  at  250  °C  during  30  min; 
Deuterium  effusion  spectra  from  similar  samples 
SIMOX  (curve  c)  and  ZMR  (curve  d)  after 
etching. 

at.cm-3 


Figure  5  .  Deuterium  concentration  profiles 
SIMOX  samples;  (a)  After  deuteration  at  250' 
(lW/cm2  during  30  min) ;  (b)  Sample  (a)  after  an 
isothermal  annealing  at  600°C  during  2  hours. 
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Figure  2,  curve  b,  shows  the  effects  of  a  600  °C 
isothermal  annealing  on  a  ZMR  sample  deuterated 
with  a  RF  plasma  power  of  1  W/cm2  at  250°C  during 
30  min.  As  for  the  SIMOX  sample,  the  deuterium  is 
stable  in  the  oxide  layer,  where  it  can  still  be 
detected  after  a  thermal  annealing  at  600°C  during  2 
hours. 

4.  CONCLUSIONS 

The  concentration  of  deuterium  in  the  buried 
oxide  is  governed  by  two  parameters:  the  diffusivity 
in  the  upper  silicon  layer,  which  is  different  in 
monocrystalline  and  polycrystalline  silicon,  and 
trapping  on  defects.  From  this  point  of  view, 
deuterium  diffusion  profile  analysis  is  a  tool  to 
evidence  defects  in  the  different  layers.  In  SIMOX 
samples,  trapping  offers  evidence  of  reactive  sites 
probably  related  to  silicon  inclusions  or  oxide 
prolusions  with  different  compositions.  However,  it 
must  be  pointed  out  that  after  the  isothermal 
annealings,  the  deuterium  concentration  profile  in 
the  implanted  oxide  layer  becomes  constant. 

In  ZMR  samples,  the  large  deuterium  peak  at 
the  poly-Si/Si02  interface  shows  an  important 

deuterium  trapping  between  the  thermal  oxide  and 
the  polycrystalline  silicon  layer. 

Permeation  through  the  implanted  oxide  layer 
occurs  at  temperatures  higher  than  250°C,  while  the 
deuterium  does  not  diffuse  in  the  silicon  substrate 
through  the  thermal  oxide,  for  the  studied 
experimental  parameters  range. 

The  deuterium  is  stable  in  the  oxide  layers 
where  it  can  still  be  detected  after  a  thermal 
annealing  at  600°C  during  2  hours.  Combining 
isothermal  annealing  and  effusion  results,  it  may  be 
concluded  that  the  detrapping  of  hydrogen  from  the 
BOX  occurs  above  800°C. 
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We  report  experimental  results  suggesting  that  mobile  protons  are  generated  at  strained  Si-O-Si 
bonds  near  the  Si/Si02  interface  during  annealing  in  forming  gas.  Our  data  further  suggest  that  the 
presence  of  the  top  Si  layer  plays  a  crucial  role  in  the  mobile  H*  generation  process.  Finally,  we  show 
that  the  diffusion  of  the  reactive  species  (presumably  H2  or  H°)  towards  the  it  generation  sites  occurs 
laterally  along  the  buried  oxide  layer,  and  can  be  impeded  significantly  due  to  the  presence  of  trapping 
sites  in  the  buried  oxide. 


1.  INTRODUCTION 

In  a  number  of  recent  studies  the  generation 
of  mobile  protons  in  the  buried  oxide  of  SOI 
materials  and  in  thermal  oxide  buried 
underneath  a  poly-Si  layer  has  been  discussed 
[1-3].  The  protons  are  stable  and  can  be  easily 
rearranged  by  applying  an  electric  field.  The 
details  of  the  hydrogen  reactions  leading  to  the 
generation  of  the  mobile  it  are  still  under 
investigation.  In  a  recent  work  [2]  a  dynamic 
equilibrium  model  was  proposed: 

H°  +  X  i  H+  +  X  +  <f,  (1) 

r 

where  the  catalytic  site  X  is  a  bridging  oxygen 
at  the  Si/Si02  interface.  The  forward  reaction 
dominates  above  -  500  °C  and  the  resulting  H+ 
is  mobile  and  entrapped  inside  the  Si02.  The 
electron  is  donated  to  the  Si.  The  H°  is  likely  to 
be  formed  through  H2  +  K  <=>  HK  +  H°,  where 
K  is  a  cracking  site.  In  the  same  work  it  was 
shown  that  the  reactive  hydrogen  species  enter 
the  oxide  from  the  device  edges  [2]  and  that  the 


amount  of  the  reactive  species  reaching  the 
oxide  by  diffusion  through  the  Si  overlayer  is 
negligible.  These  results  seem  to  contradict 
earlier  studies  [4,5]  where  it  was  shown  that 
hydrogen  can  easily  diffuse  through  the  top  Si 
layer  under  the  given  experimental  conditions. 

We  present  here  new  details  about  the 
reactions  and  the  diffusion  of  the  various 
hydrogen  species  during  500  -  700  °C  forming 
gas  annealing.  These  new  findings  offer 
valuable  insight  into  the  mechanism  responsible 
for  the  generation  of  mobile  H+  at  the  Si/Si02 
interface. 

2.  EXPERIMENTAL  DETAILS 

The  Si/Si02/Si  material  used  for  this  work 
was  silicon-on-insulator  (SOI),  in  particular 
standard  dose  SIMOX  with  a  supplemental 
oxygen  implant,  and  Unibond  material  [6],  each 
with  a  Si02  layer  of  ~  400  nm  buried  below  a 
200-nm  c-Si  layer.  The  specific  capacitor 
structures  used  in  this  study  are  shown  in  Figs.l 
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Figure  1.  Schematic  of  SOI  samples  used 
in  this  work.  All  substrates  measure  10 
mm  x  10  mm. 


(a)  and  (b).  These  substrates  were  annealed  for 
600  s  in  a  flow  of  forming-gas  (N2:H2;  95:5)  at 
700  °C.  After  the  anneal  the  original  large 
capacitor  structures  (a)  and  (b)  were 
transformed  into  a  subset  of  smaller  Si  islands 
using  selective  etching,  as  shown  in  Figs.  1  (c) 
and  (d).  Flatband  voltage  shifts  were  obtained 
From  pseudo-MOSFET  curves  measured  on 
these  small  structures,  which  allowed  us  to 
probe  the  local  concentration  of  mobile  protons 
in  the  buried  oxide  generated  during  the  anneal 
of  the  original  structures,  thus  revealing  lateral 
non-uniformities  across  the  substrate. 

In  addition  to  the  lateral  distribution,  the 
initial  local  distribution  of  the  mobile  it  over 
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Figure  2.  Pseudo-MOSFET  IV  curves 
measured  on  a  small  Si  island  [see  Fig.  1 
(d)]  on  a  Unibond  substrate  annealed  in 
forming  gas  at  700  °C. 


the  top  and  bottom  interface,  i.e.,  the  H+ 
distribution  present  in  the  buried  oxide  right 
after  the  forming  gas  anneal  is  performed,  was 
measured.  This  was  done  by  first  obtaining  the 
flatband  voltage  shift  on  the  small  capacitors 
right  after  the  anneal  and  lithography,  without 
disturbing  the  initial  charge  distribution. 
Subsequently,  the  flatband  voltage  shift  is 
measured  after  first  applying  a  positive  (+50  V) 
prebias  to  the  substrate  (gate)  for  5  minutes. 
This  will  accumulate  all  the  mobile  positive 
species  at  the  top  Si  interface,  resulting  in  a 
maximum  voltage  shift.  Finally  a  measurement 
after  a  negative  (-50  V)  prebias  is  performed, 
which  will  accumulate  all  the  mobile  protons  at 
the  substrate  interface.  Figure  2  shows  how  the 
initial  1 1  distribution  can  be  derived  from  this 
set  of  data. 

We  also  measured  the  local  density  of  both 
fixed  and  mobile  charges  present  at  the 
substrate  interface  of  sample  type  (b).  This  was 
achieved  by  removing  the  remaining  top  Si 
strips  after  performing  the  forming  gas  anneal, 
followed  by  the  deposition  of  a  uniform  matrix 
of  small  metal  electrodes  for  capacitance- 
voltage  characterization.  This  procedure  allows 
us  to  probe  the  local  oxide  charge  density 
across  the  entire  substrate,  and  to  compare  the 
central  area  (oxide  exposed  to  the  forming-gas 
ambient)  to  the  Si-covered  areas. 

3.  RESULTS  AND  DISCUSSION 

Figure  3  (a)  shows  the  lateral  distribution  of 
the  mobile  protons  in  the  buried  oxide  after 
annealing  a  large  SIMOX  substrate  as  shown  in 
Fig.  1  (a).  The  mobile  proton  density  is 
maximum  near  the  edges  and  rapidly  drops  to 
zero  towards  the  center  of  the  capacitor- 
substrate.  The  local  1 1  density  is  distributed 
evenly  over  the  top  and  bottom  interfaces,  as 
can  be  seen  in  the  lower  part  of  Fig.  3  (a). 
Figures  3  (b)  and  (c)  show  the  lateral 
distribution  of  the  mobile  protons  in  the  buried 
oxide  after  annealing  SIMOX  and  Unibond 
substrates  like  the  one  shown  in  Fig.  1  (b). 
Again,  the  mobile  proton  density  is  maximum 
near  the  edges  of  the  substrate  and  rapidly 
drops  when  moving  away  from  the  edges.  The 
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Figure  3.  Lateral  distribution  of  mobile 
proton  density  over  the  top  and  bottom 
Si/BOX  interfaces  after  annealing  in 
forming  gas  at  700  °C  for  10  min. 

local  profile  bar-charts  show  that  at  the  outer 
substrate  edges,  equal  densities  of  mobile 
protons  (~  6  x  1011  cm-2)  are  observed  near  both 
the  top  and  the  substrate  interfaces  for  all  three 
samples.  However,  at  the  inner  edges  of  the 
two  Si  strips  on  the  SIMOX  substrate  (Fig.  3  b), 
the  total  proton  density  only  reaches  ~  65  %  of 
the  density  that  is  observed  at  the  outer 
substrate  edges.  From  the  profile  bar-chart  in 
Fig  3  (b)  it  can  be  seen  that  the  inner  edges  of 
this  sample  show  mobile  proton  densities  near 
the  top  Si  interface,  similar  to  those  at  the  outer 
edges.  However,  the  proton  densities  are  much 
smaller  here  near  the  substrate  interface  (~1  x 
1011  cm'2).  This  surprising  difference  between 


the  inner  and  outer  edges  is  not  observed  in 
Unibond  material  [see  bar  chart  in  Fig.  3  (c)]. 

These  observations,  in  particular  the 
differences  between  the  inner  and  outer  edges 
of  the  SIMOX  substrates  of  type  (b)  and  the 
absence  of  this  difference  in  the  Unibond 
sample  allow  us  to  draw  a  few  interesting 
conclusions.  The  reactive  hydrogen  species 
(presumably  H2  or  H°)  enter  the  Si02  directly 
from  the  ambient  (not  through  the  top  Si)  and 
then  diffuse  to  the  reactive  sites  at  the  Si/Si02 
interface  where  they  react  to  form  H+.  For  the 
anneal  times  studied  in  this  work,  diffusion  of 
the  reactive  species  through  the  BOX  is  the 
rate-limiting  step  for  this  reaction.  This  implies 
that  in  the  initial  stages  of  the  forming  gas 
anneal  treatment,  the  H+  reaction  will  only 
occur  at  those  parts  of  the  Si02/Si  interfaces 
that  are  closest  to  the  ambient.  Hence,  in  our 
particular  samples,  the  reaction  will  first  occur 
at  the  top  and  bottom  interface  right  at  the  outer 
edges  of  the  substrates,  and  at  the  top  interface 
right  at  the  inner  edges.  After  the  H+  is 
generated  at  these  reaction  sites,  it  will  diffuse 
laterally  along  the  interface  (accompanied  by  its 
image  charge  in  the  Si)  away  from  the  edges. 
The  H+  reaction  at  the  substrate  interface  below 
the  inner  edges  of  the  top  Si  layer  will  be 
retarded  as  the  reactive  hydrogen  has  to  diffuse 
across  the  buried  oxide  layer.  This  particular 
effect  can  explain  the  observations  in  Fig.  3  (b). 
The  fact  that  Unibond  material  does  not  show 
this  effect  of  retarded  H+  buildup  for  the  same 
anneal  time  suggests  a  longer  effective 
diffusion  length  of  the  reactive  species  in 
Unibond  buried  oxide  as  compared  to  SIMOX 
buried  oxide.  This  may  be  due  to  a  higher 
density  of  empty  hydrogen  traps  [4]  in  SIMOX 
buried  oxide  as  compared  to  Unibond.  The 
very  different  growth  conditions  of  both  buried 
oxides  (thermally  grown  vs.  implanted)  and  the 
differences  in  processing  between  SIMOX  and 
Unibond  material,  in  particular  the  hydrogen 
implantation  step  used  in  the  Unibond  process 
[6],  may  account  for  this  difference  in  hydrogen 
content. 

Figure  4  shows  the  effect  of  30-minute 
forming  gas  anneal  at  600  °C  for  a  SIMOX 
substrate  with  the  top  Si  present  during  the 
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Figure  4.  Sequence  of  CV  data  before  and 
after  forming  gas  annealing  of  both  exposed 
and  Si-covered  buried  oxides. 

forming  gas  anneal,  and  for  a  substrate  with  the 
top  Si  layer  removed  prior  to  the  forming  gas 
anneal.  After  the  anneal  a  +50  V  bias  is  applied 
to  the  metal  gate  for  5  min,  followed  by  a  CV 
scan.  Subsequently,  this  procedure  is  repeated 
with  a  -50  V  prebias,  and  finally  again  with  a 
+50  V  prebias.  The  data  in  Fig.  4  (a)  show  that 
annealing  the  closed  Si/Si02/Si  structure 
introduces  positive  charge  in  the  buried  oxide, 
most  of  which  is  mobile.  The  small  fraction  of 
fixed  positive  charge  observed  in  this  sample 
was  found  to  be  located  near  the  substrate 
interface.  The  data  further  show  that  after 
sweeping  the  mobile  charge  to  the  gate  it 
becomes  trapped  near,  or  gets  absorbed  by,  the 
metal  gate  electrode.  The  results  in  Fig.  4  (b) 
show  that  a  forming-gas  anneal  performed  on 
the  open  Si/Si02  structure  results  in  about  the 
same  amount  of  positive  charge  in  the  oxide. 
However,  unlike  in  the  closed  structure,  all  the 
positive  charge  is  fixed  near  the  substrate 
interface.  The  interesting  conclusion  from  this 
comparison  is  that  the  presence  (or  absence)  of 
the  top  Si  layer  has  a  drastic  impact  on  the 
nature  of  the  positive  charge  being  generated  at 


the  substrate  interface.  We  propose  that  stress 
at  the  substrate  interface  is  the  key  to  explain 
the  observed  difference.  We  propose  that  the 
generation  of  fixed  vs.  mobile  protons  is  related 
to  the  level  of  stress  present  at  the  buried  oxide 
interfaces.  It  is  likely  that  removing  the  top  Si 
layer  and  subsequently  performing  a  600  °C 
anneal  can  reduce  this  stress  at  the  substrate 
interface.  This  may  then  cause  trapping  of  the 
generated  protons  near  the  interface.  Quantum 
chemical  calculations  are  under  way  relating 
this  stress  to  the  local  FT  binding  energy. 

4.  CONCLUSIONS 

We  have  shown  that  the  proton  generation 
reaction  in  buried  Si02  is  limited  by  the  rate  of 
diffusion  of  the  reactive  species  (presumably 
hydrogen  species)  through  the  Si02  film.  This 
diffusion  can  be  impeded  significantly  by  the 
presence  of  trapping  sites  inside  the  buried 
oxide  layer.  It  is  also  shown  that  the  presence  / 
absence  of  the  top-Si  layer  during  forming  gas 
annealing  results  in  mobile  /  fixed  protons  at 
the  substrate  interface.  This  may  be  due  to  a 
change  in  Si/Si02  interface  stress. 
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We  have  developed  a  method  for  resistless  patterning  of  Silicon- On-Insulator  (SOI)  in  order  to  directly  achieve 
lateral  dielectric  isolation.  Our  method  employs  a  diffraction  limited  laser  spot  of  a  cw  argon  laser  which  is  scanned 
across  the  SOI  surface  and  directly  oxidizes  the  silicon  in  ambient  atmosphere.  We  investigate  the  dependence  of 
the  line  width  on  the  laser  power  and  laser  wavelength  and  scanning  speed  by  AFM  measurements.  Line  widths 
as  narrow  as  200  nm  are  achieved.  We  have  fabricated  in-plane-gate  transistors  with  effective  channel  widths  of 
250  nm  and  excellent  gate  to  source-drain  isolation.  We  further  demonstrate  how  our  method  can  be  extended  for 
local  simultaneous  oxidation  and  doping  of  the  silicon  surface  with  high  spatial  resolution.  A  novel  in-plane-FET 
device  has  thus  been  realized. 


1.  INTRODUCTION 

Silicon-on-insulator  (SOI)  CMOS  has  several 
advantages  as  compared  to  conventional  CMOS, 
amongst  which  are  the  dielectric  isolation  of  the 
devices,  thus  preventing  latch-up,  and  a  substan¬ 
tial  reduction  of  parasitic  capacitance,  communi¬ 
cation  delays  and  power  consumption  due  to  the 
presence  of  only  vertical  junctions.  Further  ad¬ 
vantages  are  radiation  hardness  and  an  improved 
transconductance  and  subthreshold  slope. 

Besides  the  standard  methods  for  lateral  pat¬ 
terning  of  SOI  by  means  of  optical  lithography, 
other  methods  have  been  developed  for  special 
purposes.  Electron  beam  lithography  and  subse¬ 
quent  etching  is  often  employed  for  nanoscale  pat¬ 
terning  [1].  Crell  et.al.  have  fabricated  in-plane- 
gate  transistors  on  SOI  by  focused  ion  beam  im¬ 
plantation  of  Ga+  ions  [2].  AFM  surface  oxida¬ 
tion  of  SOI  was  employed  by  Campbell  et.al.  to 
produce  a  mask  for  a  subsequent  etching  step  [3]. 

In  our  work  we  were  driven  by  the  idea  to  make 
use  of  the  non  linear  dependence  of  the  silicon 
oxidation  process  on  the  temperature.  Previous 
work  by  Micheli  and  Boyd  has  shown  that  oxida¬ 
tion  of  bulk  silicon  by  a  cw  argon  laser  is  easily 
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achieved  [4].  Whereas  in  their  work  no  special 
emphasis  on  lateral  spatial  resolution  was  made, 
here  we  aim  for  the  smallest  possible  line  width 
of  the  silicon  oxide. 

2.  METHOD  AND  MATERIAL 

We  use  a  cw  argon  laser  at  a  wavelength 
A  =  458  nm  (514  nm)  which  we  focus  through  a 
high  numerical  aperture  lens  system  to  achieve  a 
diffraction  limited  laser  spot  of  315  nm  (350  nm) 
FWHM.  A  laser  power  controller  stabilizes  the 
laser  intensity  to  a  precision  of  0.05%.  Values 
given  in  the  paper  relate  to  laser  powers  on  the 
sample  surface.  An  autofocus  system  is  to  ensure 
a  constant  spot  size  during  the  writing  process. 
The  sample  is  moved  computer  controlled  by  a 
X/Y  piezo  table  under  the  laser  spot,  scanning 
speeds  up  to  1.7/zm/sec  can  be  achieved.  Sample 
treatment  occurs  at  room  temperature  and  ambi¬ 
ent  atmosphere. 

We  have  used  several  different  SOI  substrates 
for  laser  oxidation. 

•  SIM OX  with  370  nm  buried  oxide  (BOX) 
and  nominally  undoped  15  nm  silicon  layer 

•  BESOI  with  195  nm  buried  oxide  and  nom¬ 
inally  undoped  20  nm  silicon  layer 

•  Both  SIMOX  and  BESOI  where  the  silicon 
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Figure  1.  AFM  pictures  of  an  in-plane-gate  tran¬ 
sistor  with  source  S,  drain  D  and  gates  gl,  g2 
(a)  before  and  (b)  after  etching  the  laser  writ¬ 
ten  oxide  in  diluted  HF.  The  geometrical  channel 
width  is  600  nm,  the  effective  channel  width  is 
smaller  due  to  the  finite  line  width. 


layer  was  doped  up  to  2xl018cm  3. 

•  Both  SIMOX  and  BESOI  which  were  epi¬ 
taxially  overgrown  with  up  to  100  nm  Si  or 
Si/Ge  including  different  bulk  or  delta  dop¬ 
ing  densities. 

3.  EXPERIMENTAL  RESULTS 

In  this  section  first  we  discuss  the  surface 
morphology  obtained  by  focused  laser  beam  oxi¬ 
dation  of  the  SOI  surface.  Second  we  character¬ 
ize  the  electrical  properties  of  oxidized  lines  and 
present  two  different  in-plane-gate  transistors. 

3.1.  Laser  oxidation  of  SOI  surface 

An  AFM  picture  of  two  adjacent  V  shaped 
lines  written  using  A  =  514  nm  and  a  laser  power 
of  40  mW  into  a  20  nm  SOI  surface  is  shown  in 
Figure  la.  The  silicon  surface  along  the  trace  of 
the  laser  beam  appears  elevated  by  about  20  nm 
in  a  hill  shaped,  irregular  fashion  with  a  width 
of  about  1  fxm.  Additionally  a  region  of  about 
1  /urn  to  both  sides  of  the  trace  is  elevated  ho¬ 
mogeneously  by  a  few  nm.  This  surface  morpho- 


laser  power  on  sample  surface  (mW) 


Figure  2.  Measured  line  widths  for  different  laser 
powers  and  for  laser  wavelengths  of  458  nm  and 
514  nm  obtained  on  a  17  nm  silicon  layer. 


logy  is  common  to  both  wavelengths.  Fast  scans 
(1.7^m/sec)  can  result  in  a  regular  chain  of  re¬ 
peated  elevations  and  valleys  along  the  trace  with 
a  period  of  250  nm. 

The  hill  shaped  elevations  appear  to  be  ther¬ 
mally  oxidized  silicon,  although  there  might  be 
a  contribution  by  non  thermal,  photonic  oxida¬ 
tion  [4].  The  shallow  elevations  to  both  sides  of 
the  laser  trace  may  be  due  to  the  strain  induced 
by  the  oxidized  line  within  the  non  oxidized  sili¬ 
con  and/or  due  to  debris. 

After  a  1  min  wet  etch  in  diluted  HF  all  ox¬ 
ide  is  removed,  see  Figure  lb.  The  silicon  sur¬ 
face  next  to  the  laser  written  line  is  flat  and  the 
line  itself  becomes  apparent  as  a  narrow,  rather 
well  defined  channel.  We  find  that  oxidation  is  an 
all-or-nothing  process,  i.e.  when  oxidation  takes 
place  then  the  entire  silicon  layer  is  affected.  Of 
utmost  interest  for  sub-/um  scale  patterning  are 
the  line  widths  that  can  be  obtained,  see  Figure  2. 
We  find  that  the  best  lines  that  are  reliably  oxi¬ 
dized  are  as  narrow  as  200  nm,  which  is  well  below 
the  laser  spot  diameter.  Optimal  results  are  ob¬ 
tained  using  A  =  458  nm  and  a  laser  power  just 
above  the  threshold  power.  The  threshold  power 
sensitively  depends  on  the  silicon  layer  thickness, 
but  not  on  the  BOX  thickness.  As  an  exam¬ 
ple  for  A  =  458  nm  and  a  silicon  layer  thick- 
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Figure  3.  IPG  current-voltage  relation  for  differ¬ 
ent  in-plane-gate  voltages. 


ness  of  37  nm  we  determined  a  threshold  power 
of  25  mW,  whereas  for  a  silicon  layer  thickness  of 
100  nm  only  10  mW  were  necessary.  The  thresh¬ 
old  powers  for  A  =  458  nm  are  generally  smaller 
than  for  A  =  514  nm  which  is  due  to  a  larger  ab¬ 
sorption  coefficient  in  conjunction  with  a  smaller 
laser  spot  diameter. 

From  the  error  bars  in  Figure  2  it  can  be  seen 
that  the  fluctuation  of  the  line  width  is  generally 
larger  close  to  the  threshold  power,  where  the  ox¬ 
idation  process  is  less  stable.  Smoother  lines  are 
achieved  for  larger  laser  powers.  Line  width  fluc¬ 
tuations  of  ±10%  can  then  be  achieved. 

Further  it  is  interesting  to  note  that  no  depen¬ 
dence  of  the  line  width  on  the  scan  speed  is  found 
within  the  confidence  level.  We  explain  this  ob¬ 
servation  by  the  stabilization  of  the  line  width  by 
an  effective  self  limiting  mechanism.  This  mech¬ 
anism  is  caused  by  an  abrupt  drop  of  absorption 
when  silicon  is  oxidized. 

3.2.  In-plane-gate  transistor  fabricated  by 
focused  laser  beam  oxidation 

We  have  fabricated  in-plane-gate  (IPG)  tran¬ 
sistors  [2]  [7]  in  the  geometry  of  Figure  1  in  order 
to  test  the  dielectric  properties  of  the  oxidized 
lines  and  to  gain  information  about  the  silicon- 
silicon  oxide  interface.  Leakage  currents  at  100  V 
across  a  15  fim  long  line  are  in  the  pA  range,  and 


electrical  breakthrough  at  higher  voltages  in  gen¬ 
eral  occurred  across  the  BOX  first.  After  etch¬ 
ing  the  oxide  to  reduce  the  effect  of  charge  trap¬ 
ping  in  the  side  walls  [6]  and  possibly  of  dangling 
bonds  we  have  obtained  transistor  action  on  all 
substrates  except  for  highly  doped  samples.  A 
Hydrogen  plasma  anneal  for  60  min  at  150  °C  also 
improved  the  transconductance.  In  Figure  3  we 
show  the  current-voltage  curve  of  an  IPG  with 
a  geometrical  channel  width  of  600  nm  fabricated 
on  undoped  SOL  The  rather  high  saturation  volt¬ 
age  is  due  to  the  bad  quality  of  the  BOX  on  its 
upper  interface  where  an  electron  inversion  chan¬ 
nel  was  induced  by  the  back  gate.  The  electron 
density  was  4xl012cm“2  at  a  back  gate  voltage 
of  50  V.  Hole  channels  showed  a  similar  behavior. 
The  narrowest  IPGs  we  have  been  able  to  reli¬ 
ably  fabricate  had  a  geometrical  channel  width  of 
450  nm,  which  leaves  an  effective  channel  width 
of  250  nm  assuming  a  line  width  of  200  nm.  The 
fact  that  in  even  narrower  IPGs  the  source  drain 
channel  was  closed  may  be  due  to  a)  enhance¬ 
ment  of  the  line  width  in  the  vicinity  of  another 
line  due  to  a  reduced  thermal  conductivity  and 
b)  degradation  of  the  silicon  directly  adjacent  to 
the  silicon  oxide.  We  note  that  the  IPGs  showed 
a  slight  hysteresis  when  sweeping  the  gate  volt¬ 
age  which  might  be  due  to  carrier  trapping  in  the 
silicon-silicon  oxide  interface. 

3.3.  IPFET  by  combined  laser  beam  oxi¬ 
dation  and  co  doping 

We  have  extended  our  work  to  achieve  not  only 
local  oxidation  but  also  local  doping  of  the  silicon 
surface.  For  that  purpose  we  deposit  by  spin- 
on  technique  a  silicon  dioxide  film  containing  ap¬ 
propriate  doping  atoms  onto  the  silicon  surface. 
Thus  when  heating  the  surface  by  the  focused 
laser  beam,  doping  atoms  are  diffused  into  the 
silicon  layer  [7].  We  observe  that  undoped  SOI 
becomes  conductive  along  a  laser  oxidized  line 
even  when  the  line  is  interrupted  by  gaps  up  to 
500  nm  in  length.  This  means  that  oxidation  is 
accompanied  by  codoping  in  close  vicinity  with 
an  extent  of  about  150  nm.  In  other  words  electri¬ 
cally  isolating  lines  can  be  generated  while  simul¬ 
taneously  a  very  confined  region  of  only  150  nm 
to  both  sides  is  doped.  The  doping  concentration 
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Figure  4.  AFM  picture  of  the  central  part  of  an 
IPFET.  The  gate  contact  (g)  metalization  and 
two  orthogonal  oxidized  lines  are  visible.  Along¬ 
side  the  longer  line  the  source  drain  current  Isd  is 
passed,  whereas  the  other  side  is  tied  to  the  gate 
potential. 

and  conductivity  increase  with  decreasing  writing 
speed. 

We  have  fabricated  a  novel  ’In-Plane  Field  Ef¬ 
fect  Transistor’  (IPFET)  by  making  use  of  this 
technique.  An  AFM  picture  of  part  of  the  de¬ 
vice  is  shown  in  Figure  4.  The  source  drain  cur¬ 
rent  is  conducted  along  one  side  of  the  oxidized 
line,  whereas  to  the  other  side  the  gate  voltage 
is  applied.  We  have  fabricated  normally  ON  and 
normally  OFF  IPFETs  by  appropriately  choosing 
the  laser  scan  speed.  The  current  voltage  relation 
of  a  normally  OFF  IPFET  is  shown  in  Figure  5. 
At  zero  gate  voltage  no  source  drain  current  is 
observed,  whereas  at  a  gate  voltage  of  1.5  V  the 
IPFET  turns  on.  Saturation  can  be  observed  even 
though  the  source  drain  current  is  passed  in  close 
vicinity  to  the  laser  induced  oxide. 

4.  CONCLUSION 

In  summary  we  have  developed  a  novel  method 
which  allows  the  direct  resistless  patterning  of 
thin  film  SOI.  The  method  employs  a  focused  cw 
laser  beam  which  locally  oxidizes  the  silicon  layer. 
Line  widths  as  low  as  200  nm  can  reliably  be 


Figure  5.  IPFET  current-voltage  relation  for 
side-gate  voltages  from  0  to  5  V. 

generated  by  appropriately  choosing  wavelength, 
laser  power  and  scanning  speed.  Electrical  isola¬ 
tion  across  oxidized  lines  is  excellent.  We  have 
demonstrated  the  method  by  the  fabrication  of 
functional  IPG  transistors  with  geometrical  chan¬ 
nel  widths  as  narrow  as  450  nm.  Additionally  we 
have  extended  our  work  to  local  oxidation  with 
codopig.  A  novel  in-plane  field  effect  transistor 
has  thus  been  fabricated.  The  quality  of  the  laser 
induced  oxide  may  be  improved  further  by  oxida¬ 
tion  in  pure  dry  oxygen. 
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The  aim  of  this  paper  is  to  demonstrate  via  experiments  and  2-D  numerical  simulation  that  in  transient 
regimes  of  partially  depleted  (PD)  SOI  MOSFETs  the  sub-band-gap  impact  ionization  becomes  more  critical 
compared  to  the  static  regime,  and  can  stand  for  sub-l.lV=EGsi/ci  drain  voltages,  in  both  short  and  long  channels. 


1.  INTRODUCTION 

Most  of  the  conventional  Si-bulk  models  fail  to 
accurately  account  for  SOI  specific  effects  related 
to  the  thin  silicon  film  and  buried  insulator.  Thus, 
specific  floating  body  and  impact  ionization 
modeling  and  simulation  are  essential  to  predict 
SOI  MOSFET  features  in  both  digital  and  analog 
ICs.  Superficial  similarity  with  bulk  MOSFET 
supports  naive  expectations  such  as  in  SOI 
MOSFET  the  impact  ionization  can  not  occur  for 
drain-to-source  voltages  corresponding  to  lower 
energy  than  Si  band  gap. 

In  contrast,  recent  experiments  [1]  showed  non- 
conventional  kink  effects  at  voltages  as  low  as  0.8V 
in  submicron  SOI  transistors.  Other  recent 
experimental  data  [2]  confirmed  this  mechanism  in 
PD-SOI  MOSFETs  as  well  as  our  previous 
experiments  and  simulations  in  some  special 
transient  regimes  [3]  which  revealed  unexpected 
impact  ionization  for  sub- IV  drain-to-source 
voltages.  This  new  impact  ionization  phenomenon 
is  called  sub-band-gap  impact  ionization  and 
explained  by  dynamically  screened  electron- 
electron  scattering.  It  is  worth  noting  that  sub-band- 
gap  impact  ionization  can  be  accentuated  by  the 
floating  body  charging  in  PD-SOI  devices  [1]  and  it 
is  a  threshold-type  event .  Because  carriers  created 
by  impact  ionization  can  cause  hot  electron 
reliability  problems,  the  study  of  this  kind  of  events 
is  important. 


2.  EXPERIMENT 
2.1  Static  experiments 

In  typical  static  experiments,  the  impact 
ionization  is  revealed  by  the  bell-shaped  body 
current,  Fig.  1.  For  long  channel  devices,  no  bell 
shaped  IB  versus  VG  are  observed  for 
VD<l.lV=EGsAl-  In  contrast,  for  submicron 
devices,  the  bell-shaped  curve  can  appear  at  much 
lower  VD  voltages  due  to  sub-band-gap  impact 
ionization  events  [1,  2],  Fig.  2,  explained  by  lucky 
electron  theory  and  Coulomb  interactions. 


Fig.  1  Typical  bell-shaped  body  current,  IB,  in  a 
short  channel  (L=0.25  pm)  SOI  n-MOSFET  with 
the  drain  voltage  VD  as  a  parameter  and  VG2=0V. 
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Fig.  2  Same  type  of  measurement  as  in  Fig.  1, 
highlighting  sub-band-gap  impact  ionization;  bell¬ 
shaped  curves  for  VD  <  1.1V. 


2.2  Dynamic  experiments 

In  the  adapted-to-SOI  Zerbst  transient  technique, 
the  front  gate  of  the  SOI  MOSFET  is  biased  in 
strong  inversion  while  the  back  gate  is  switched 
from  depletion  to  accumulation  and  a  low  voltage  is 
applied  to  the  drain.  The  induced  current  transient 
mirrors  generation  phenomena  in  the  Si-film  [4], 
Figs.  3-7,  and  is  generally  used  for  carrier  lifetime 
extraction  [4], 

We  have  fully  modeled  and  simulated  drain  and 
source  junction  contributions  to  the  generation 
process  compared  to  the  bulk  one  [3],  canceling 
confusion  when  obtaining  shorter  relaxation  for 
shorter  gate  length. 

In  the  following,  experiments  on  both  long  and 
short  channel  PD  SOI  n-MOSFETs  are  presented. 
The  SOI  substrates  are  standard:  SIMOX  or 
UNIBOND,  with  Si  film  and  buried  oxide 
thicknesses  of  150  nm  and  380  nm,  respectively. 
The  front  oxide  thickness  is  22  nm  in  case  of  long 
channel  devices  and  5  nm  in  case  of  submicron 
devices. 

Figs.  3  and  4  show  that  when  in  a  typical 
experiment,  with  a  small  VG2  step-voltage,  the  VD 
value  is  increased,  the  transient  duration  is  reduced 
due  to  carrier  supply  by  conventional  impact 
ionization  starting  at  a  threshold  value  of  Vd.  At 
low  VG2  steps,  this  value  is  systematically  greater 
than  1.1  V  for  long  channel  SOI  n-MOSFET  (Fig. 
4).  In  contrast,  a  strong  transient  reduction,  is 


observed  in  short  channel  SOI  MOSFETs  at  Vd 
close  to  the  lower  value  for  which  the  Ib  bell-shaped 
peak  is  observed  (VD=0.975V  in  Fig.  3).  This 
corresponds  to  a  dynamically  induced  sub-band-gap 
impact  ionization  event. 

In  a  complementary  experiment  (see  Figs.  5  and 
6)  VD  is  kept  low  and  constant,  while  VG2  is 
successively  increased  in  small  steps.  A  low  VD 
ensures  linear  operation  for  a  simpler  analysis  and 
is  assumed  to  avoid  impact  ionization  at  equilibrium 
(static  regime). 

The  first  observed  effect,  when  VG2  amplitude  is 
increased,  is  a  near  off-current  region, 
corresponding  to  a  large  extension  of  the  space 
charge  region  under  the  front  gate.  In  this  case,  the 
duration  of  current  relaxation  is  essentially  the 
same. 

Secondly,  an  unexpected  substantial  reduction 
of  transient  duration  is  observed  starting  with  a  VG2 
threshold  value ,  which  correspond  to  the  on-set  of 
sub-band  gap  impact  ionization  (which  is  a 
threshold-type  event).  It  is  worth  noting  that  this 
phenomenon  is  observed  in  both  long  and  short 
channels  (Figs.  5  and  6)  and  has  to  be  related  to  the 
strong  drop  of  the  floating  body  potential  (after 
applying  a  VG2  step-voltage)  and  increased  induced 
electric  fields.  Note  that  it  was  experimentally 
observed  that  in  ultra-short  channels,  where 
longitudinal  fields  are  high,  the  transient  reduction 
is  obtained  for  lower  VG2  steps,  compared  to  longer 
channels. 


Fig.  3  Drain  current  transients  in  a  submicron 
(L=0.25  pm)  PD  SOI  MOSFET  at  various  VD, 
induced  by  a  small  VG2  step-voltage. 
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In  fact,  after  applying  a  strong  back  gate  step- 
voltage,  the  electrical  field  distribution  is  strongly 
modified.  Temporarily  increased  vertical  and  lateral 
electrical  fields  make  possible  electron-electron 
interaction  and  consequently,  impact  ionization 
events  even  if  VD  is  kept  low. 

The  impact  ionization  hypothesis  is  reinforced 
by  the  experimental  higher  peaks  of  channel  charge 
time-rate  (2-3  orders  of  magnitude),  observed  when 
Vg2  is  substantially  increased  combined  with  a  low 
junction  leakage  (off  current),  Fig.  7. 
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Fig.  4  Drain  current  transients  in  a  long  channel 
(L=  1.4pm)  PD  SOI  n-MOSFET  at  various  VD. 


time  (s) 

Fig.  5  Drain  current  transients  in  a  submicron 
(L=0.25  jim)  PD  SOI  n-MOSFET  at  various  VG2. 


A  key  point  of  the  Zerbst-type  transient  regime  in 
PD  floating-body  devices  is  that  it  becomes  a 
unique  detector  of  low  level  ionization  events  (a 
50fA  limit  has  been  reported  in  [2]),  generally 
impossible  to  be  highlighted  in  any  conventional 
bulk  MOSFETs. 

Similar  transient  effects  can  be  obtained  by 
reversing  the  role  of  front  and  back  gates  or  by 
switching  the  front  gate  from  on  to  off  state  (closer 
to  real  working  transistor  operation). 


Time  (s) 

Fig.  6  Drain  current  transients  at  low  VD  (=50mV) 
as  a  function  of  the  back  gate  step-voltage 
amplitude  in  a  long  channel  (L=  1.4pm)  PD  SOI 
MOSFET.  Transient  duration  is  strongly  reduced 
starting  with  VW  0  ->  -30V. 


Time  (s) 

Fig.  7  Log  scale  of  the  drain  current  transient  given 
in  Fig.  6  and  calculated  current  rate  (peaks).  Drain 
current  values  in  the  off-region  (time  <  10s),  after 
high  pulse  application,  are  revealed. 
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3.  2-D  NUMERICAL  SIMULATION 

2D  numerical  simulation*  of  Zerbst-type 
transient  regimes  has  been  performed  on  both  long 
and  submicron  channel  devices  in  order  to  reveal 
the  field  2D  distribution  and  impact  ionization  rates. 
At  very  low  Vd  and/or  long  channels,  sub-band-gap 
impact  ionization  events  appears  to  exist  only  at  the 
beginning  of  the  transient,  when  the  body  potential 
is  very  low.  Field  and  potential  time  relaxation 
together  with  carrier  recombination  usually  inhibits 
rapidly  sub-band-gap  impact  ionization  events.  The 
2D-simulation  of  current  transient  regime  allowed 
us  to  demonstrate  that,  Figs.  8-10: 

(i)  the  current  transient  duration  reduction  with  Vg2 
amplitude,  at  low  VD,  can  be  reproduced  only  if  the 
impact  ionization  models  are  enabled  in  simulation 
(Selberherr  ionization  model), 


Fig.  8  2D-simuIated  potential  drop  after  a  Vc2-step 
voltage:  0  ->  -50V,  at  low  VD  and  time=l  ms. 


Fig.  9  2D-simulated  vertical  electrical  field 
corresponding  to  conditions  in  Fig.  8,  showing  a 
strong  electric  field  under  the  front  gate. 


(ii)  the  potential  of  the  floating  body  drops  severely 
(few  volts  for  high  VG2)  at  time  <  100ms  and  strong 
electric  field  peaks  (near  7xl05V/cm)  are  induced 
near  the  Si/Si02  interface,  which  demonstrate 
enhanced  conditions  for  sub-band-gap  impact 
ionization  as  suggested  by  experiments. 

Finally,  numerically  simulated  2D-charts  of 
recombination/generation  and  impact  ionization 
rates  confirmed  also  the  existence  of  sub-band  gap 
impact  ionization,  Fig.  10.  Moreover,  accordingly 
to  experiments,  transient  simulations  also  showed 
that  this  phenomenon  is  more  accentuated  for 
shorter  channels  (<0.5pm). 


Fig.  10  Simulated  impact  ionization  2D-chart 
corresponding  to  Figs.  8  and  9  showing  high 
ionization  rate  under  the  front  gate  at  time=Ims. 

4.  CONCLUSION 

Sub-band-gap  impact  ionization  in  Zerbst-type 
transient  experiments  using  high  back  gate  step 
voltages,  at  drain  voltages  lower  than  1.1V,  in  both 
long  and  submicron  channel  PD  SOI  MOSFETs, 
has  been  demonstrated.  These  events,  producing  hot 
electrons  at  low  drain  bias,  appear  to  be  a  reliability 
concern  for  future  VLSI  SOI  ICs  in  similar  working 
conditions. 
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Theoretical  model  of  the  MOS/SOI  tunnel  diode  is  presented.  Current-voltage  characteristics  of  the  MOS/SOI 
tunnel  diodes  with  both  the  p-type  and  n-type  semiconductor  films  are  considered  versus  the  front-gate  voltage, 
back-gate  voltage,  front-gate  oxide  thickness,  and  the  semiconductor  film  thickness.  An  influence  of  the 
neighborhood  of  the  under-gate  region  is  also  included  in  a  quasi-two-dimensional  model. 


1.  INTRODUCTION 


2.  THEORETICAL  MODEL 


The  silicon-on-insulator  (SOI)  technology  has 
already  reached  its  maturity  and  becomes  to  compete 
with  the  bulk  MOS  technology.  The  SOI  technology 
potentials  are  attractive  for  their  tolerance  to  the 
scaling  rules  requirements  and  soon,  according  to 
them,  the  semiconductor  film  thickness  may  reach 
the  range  of  nanometers.  An  extremely  thin  oxide 
can  conduct  a  considerable  tunnel  current,  which 
may  constitute  a  parasitic  leakage  for  an  MOS/SOI 
transistor  but  also  may  be  utilized  in  MOS/SOI 
tunnel  devices.  Many  studies  concerning  tunnel 
currents  in  bulk  MOS  tunnel  diodes  and  transistors 
can  be  found  in  the  literature  [e.g.  1-4].  On  contrary, 
up  to  the  best  of  our  knowledge,  the  MOS/SOI 
tunnel  diode  has  not  received  any  attention  in  the 
literature  until  now.  This  may  be  due  to  seemingly 
complex  electrical  behavior  of  the  MOS/SOI  system 
and,  to  some  extent,  novelty  of  SOI  structures.  One 
may  expect  that  the  tunnel  current  flowing  through 
the  MOS/SOI  system  can  be  easily  modeled  by 
implementation  of  the  same  theoretical  models  as 
used  for  the  bulk  MOS  tunnel  diodes.  It  may  be  the 
case  provided  the  semiconductor  film  is  thick 
enough  and  the  front-gate  induced  space  charge 
region  does  not  spread  on  the  whole  semiconductor 
region.  However,  the  silicon  film  thickness  can  be  of 
the  range  of  nanometers  and  it  must  be  taken  into 
account  in  modeling  the  tunnel  currents.  It  is  the 
purpose  of  this  work  to  develop  a  theoretical 
model  of  the  MOS/SOI  tunnel  diode  and  to  consider 
its  current  -  voltage  characteristics  in  dependence  on 
the  front-gate  voltage,  back-gate  voltage,  front- 
gate  oxide  thickness,  the  semiconductor  film 
thickness,  and  some  other  related  parameters. 


2.1.  Model  assumptions 

Fig.  1  shows  a  schematic  diagram  of  the 
MOS/SOI  tunnel  diode  with  a  p-type  silicon  film. 


Buried  oxide  BOX 


Si(p)  substrate 

Vbg 


Figure  1  .Schematic  diagram  of  the  p-type  MOS/SOI 
tunnel  diode  with  the  positively  biased  front  gate. 


The  MOS/SOI  tunnel  diode  is  constituted  by  the 
following  system:  front  gate  electrode  -  gate  oxide  - 
semiconductor  film  with  an  ohmic  contact.  It  is 
assumed  that  the  electrical  contact  to  the  silicon  film 
is  far  enough  from  the  gate  area  that  it  does  not 
influence  the  physical  state  of  the  semiconductor 
under-gate  region.  The  tunnel  current  through  the 
front  gate  oxide  consists  of  the  gate-semiconductor 
valence  band  tunnel  current  (hole  tunnel  current  Jyt) 
and  the  gate-semiconductor  conduction  band  tunnel 
current  (electron  tunnel  current  Jct).  Due  to  the  flow 
of  these  currents  the  semiconductor  region  under  the 
gate  is  in  the  thermal  non-equilibrium  state.  It  is 
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assumed  that  the  exchange  of  majority  carriers 
between  the  under-gate  region  and  the  silicon  film 
contact  is  so  effective  that  the  majority  carrier  quasi- 
Fermi  level  is  practically  flat.  The  minority  carrier 
quasi-Fermi  level  changes  with  a  position  in  the 
semiconductor  and  results  from  a  balance  between 
the  drift-diffusion  transport  mechanisms,  thermal 
generation-recombination  rates  in  the  semiconductor, 
and  tunneling  process  through  the  front  gate  oxide. 

Fig.  1  includes  also  a  contribution  of  minority 
carriers  coming  from  the  neighboring  regions  (B  and 
C)  of  the  under-gate  area  (A)  to  the  whole  minority 
carrier  current  at  the  semiconductor  -  oxide  interface 
Jth.  This  contribution  is  a  source  of  the  peripheral 
effect  if  a  finite  diameter  of  the  front  gate  electrode 
is  taken  into  account.  In  order  to  isolate  this  parasitic 
effect  the  basic  model  assumes  that  minority  carriers 
are  generated  or  recombined  only  inside  the  under¬ 
gate  region.  This  is  equivalent  to  the  assumption  that 
the  gate  electrode  diameter  is  infinitely  large  and  the 
minority  carrier  quasi-Fermi  level  is  practically  flat 
in  the  lateral  direction.  Moreover,  to  investigate  the 
peripheral  effect  resulting  from  the  influence  of  the 
neighborhood  a  quasi-two-dimensional  model  is  also 
developed,  in  which  minority  carriers  coming  from 
the  neighborhood  are  taken  into  account. 

2.2.  Calculation  procedure 

The  main  condition  which  must  be  fulfilled  by 
the  computation  algorithm  is  to  maintain  the 
continuity  of  minority  carrier  current  at  the  gate 
oxide  -  semiconductor  film  interface. 

The  semiconductor  film  region  of  the  diode  is 
determined  by  the  following  set  of  equations 
(assuming  the  p-type  semiconductor): 

a)  Poisson's  equation: 

^-  =  ±[(n-p)-Nd  +  Na\  (1) 

dx  es 

b)  The  minority  carrier  current  continuity  equation  in 
the  vertical  direction  across  the  structure: 

-^r=uth  (2) 

q  dx 

c)  The  minority  carrier  current: 

Jn = vSx)n(x)^-  0) 

where  EFn  is  the  electron  quasi-Fermi  level. 


d)  Shockley-Read-Hall  formula  for  thermal  recom¬ 
bination-generation  rate  (for  Etrap=Ei,  tno=Tpo=10‘5s) : 


e/a  = 


np-n; 


V  {n+n)+x„0(p  +  n) 


(4) 


The  electron  Jct  and  hole  tunnel  currents  are 
calculated  by  integration  of  the  product  of  supply 
function  N(EX)  and  tunneling  probability  P(EX)  over 
the  energy  Ex  associated  with  the  x-direction: 


Jct=^t^P(EMEx)dEx  (5) 

J^q^PiE^N'iE^E;  (6) 


where  N(EX)  and  N'(EX')  are  given  by  (7)  or  (8), 
respectively: 


1+exp 


rEFn~Ex 


kT 


hi  1+exp 


EFm~Ex 


kT 


(7) 


4nmvi 


Id  1+exp 


rEx-EFp^ 


kT 


Md 


1+exri  Ex  E 


Fm 


kT 


(8) 


mci  and  nivi  are  the  electron  and  hole  effective 
masses  in  the  oxide,  respectively.  The  tunneling 
probability  is  calculated  with  the  use  of  WKB 
approximation  and  the  two-band  barrier  model 
assuming  mvi  =  0.6365mo  and  Egi  -  8.64  eV): 

P(EX )  =  exp[- 2  (9) 

where  r|(x)  is  the  imaginary  wave  vector  [4]. 

The  effect  of  the  neighboring  regions  (B  and 
C)  on  the  current  flowing  through  the  MOS-SOI 
tunnel  diode  biased  in  the  range  of  depletion  in  the 
under-gate  semiconductor  region  results  from  a 
contribution  of  minority  carriers  generated  or 
recombined  in  these  regions  to  the  whole  minority 
carrier  current  J*.  Region  B  has  a  depletion  width, 
which  varies  as  function  of  depth  into  the 
semiconductor  film  as  a  result  of  potential 
distribution  in  the  vertical  direction.  The 
contribution  of  minority  carriers  coming  from  the 
quasi-neutral  region  C  is  calculated  by  integrating 
the  current  contributions  of  small  elements  of 
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thickness  dx  over  the  whole  semiconductor 
thickness: 


where  Dn  and  Ln  are  the  diffusion  constant  and 
diffusion  length  of  electrons  in  the  semiconductor, 
respectively.  £  is  the  quasi-Fermi  level  split,  R  is  the 
gate  electrode  radius  and  Xd(x)  is  the  depletion 
width.  The  contribution  of  minority  carriers  coming 
from  the  depletion  region  B  is  calculated  by 
integrating  the  elementary  current  contributions: 


where  To  is  the  effective  minority  carrier  lifetime. 


3.  RESULTS  AND  DISSCUSION 

Fig.  2  shows  current- voltage  characteristics  of 
the  p-type  (a)  and  n-type  (b)  MOS/SOI  tunnel  diodes 
with  the  gate  oxide  thickness  Tgox  as  a  parameter. 
Since  we  assumed  the  gate-Si02  work  function  of  3.2 
eV  as  for  A1  or  n+-poly  Si  gate,  the  gate  tunnel 
current  is  dominated  by  the  electron  current  Jct.  This 
means  that  a  p-type  diode  is  a  minority  carrier  tunnel 
diode  [1]  and  the  n-type  diode  is  a  majority  carrier 
tunnel  diode  [2]. 

In  the  bias  range  corresponding  to  the 
accumulation  under  the  gate  oxide  the  both  tunnel 
currents  depend  exponentially  on  the  gate  voltage 
and  oxide  thickness.  In  the  bias  range  corresponding 
to  the  strong  inversion  the  both  tunnel  currents 
saturate  with  the  gate  voltage.  This  saturation  results 
from  the  non-equilibrium  depletion  in  the 
semiconductor  when  the  tunneling  process  is  more 
effective  than  the  thermal  generation  processes  in  the 
silicon. 

For  dopant  concentration  of  1016cm’3  the 
maximum  depletion  depth  at  the  onset  of  strong 
inversion  is  equal  to  about  300  nm.  This  means  that 
reducing  the  semiconductor  thickness  below  300  nm 
should  directly  influence  the  minority  carrier  current 
via  the  thermal  generation-recombination  current 
and  indirectly  the  majority  tunnel  current  via  the 
tunnel  current  multiplication  mechanism  [2].  The 


influence  of  semiconductor  film  thickness  Tb  on  the 
gate  tunnel  current  components  is  shown  in  Fig.  3. 
Due  to  the  strong  tunnel  current  multiplication  in  the 
majority  carrier  tunnel  diodes  the  effect  of  silicon 
film  thickness  on  the  total  tunnel  current  is  much 
stronger  for  the  n-type  MOS/SOI  tunnel  diodes. 

By  influencing  the  potential  distribution  in  the 
SOI  structure  the  back  gate  voltage  VGb  affects  the 
rate  of  thermal  generation-recombination  processes 
in  the  semiconductor.  Fig.  4  shows  for  the  p-type 
diode  that  when  the  back  gate  voltage  increases,  it 
introduces  electrostatically  the  whole  silicon  film 
into  the  strong  inversion,  reducing  the  thermal 
generation  rate  and,  as  a  result,  the  Jct  current. 


(b) 

Figure  2.  Influence  of  the  gate  oxide  thickness  Tgox 
on  I-V  characteristics  of  a  p-type  (a)  and  an  n-type 
(b)  MOS/SOI  tunnel  diodes. 
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(a) 


Front  Gate  Voltage  V  fgM 

(b) 

Figure  3.  Influence  of  the  semiconductor  film 
thickness  Tb  on  I-V  characteristics  of  p-type  (a)  and 
n-type  (b)  MOS/SOI  tunnel  diodes. 

If  the  neighborhood  of  the  under-gate  region  is 
included,  the  carriers  generated  in  the  regions  B  and 
C  are  drawn  into  the  under-gate  region  by  a  gradient 
of  concentration  and  the  electric  field.  By  enlarging 
the  minority  carrier  density  at  the  semiconductor 
surface  these  carriers  affect  directly  the  minority 
carrier  tunnel  current  and  indirectly  the  majority 
carrier  tunnel  current  via  the  tunnel  current 
multiplication  mechanism.  This  effect  is  illustrated 
in  Fig.  5  for  an  n-type  MOS/SOI  diode.  The  thinner 
the  semiconductor  is,  the  stronger  this  peripheral 
effect  is. 


Figure  4.  Influence  of  the  back  gate  voltage  on  I-V 
characteristics  of  the  p-type  MOS/SOI  tunnel  diode. 


Front  Gate  Voltage  V  FG  [V] 

Figure  5.  Effect  of  the  gate  electrode  diameter  on  the 
tunnel  current  density  for  an  n-type  MOS/SOI  tunnel 
diode  with  a  100  nm  silicon  film. 
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A  high-temperature  drain  current  "jump”  in  hilly  depleted  SOI  n-channel  MOSFET  is  reported  for  the  first 
time.  The  phenomenon  appears  in  the  SIMOX  SOI  MOSFETs  at  temperatures  above  200°C  after  a  negative 
voltage  is  applied  to  the  substrate.  Direct  link  of  the  current  "jump"  with  the  positive  charge  formation  in  the 
buried  oxide  (BOX)  has  been  demonstrated.  The  current  "jump”  or  a  front  channel  high-temperature  kmk- 
effect  is  explained  by  electron  retrapping  in  the  (BOX)  in  the  vicinity  of  the  BOX-silicon  body  interface. 


1.  INTRODUCTION 

Fully  depleted  (FD)  silicon-on-insulator  (SOI) 
structures  are  very  attractive  for  high-temperature 
CMOS  integrated  circuit  applications  [1],  and 
inversion  mode  (IM)  n-MOSFET  is  one  of  the  main 
elements  of  such  circuits.  However,  high- 
temperature  instability  processes  in  the  BOX  of  SOI 
structures  can  considerably  impact  MOSFET 
operation  due  to  the  charge  coupling  effect  between 
front  and  back  interface  in  the  devices  [2].  Charge 
bias-temperature  (BT)  instabilities  in  the  BOX  of 
SOI  structures  have  been  investigated  by  several 
groups  [3-6].  It  has  been  shown  that  BT  instability 
of  the  BOX  can  be  substantial  under  some  particular 
conditions  [5]. 

In  this  work,  for  the  first  time,  a  drain  current 
"jump"  in  FD  SOI  MOSFETs  is  reported,  which 
takes  place  at  high  temperature  after  a  negative 
voltage  has  been  applied  to  the  silicon  substrate. 
The  nature  of  the  phenomenon  is  analyzed. 

2.  EXPERIMENTAL 

FD  SOI  IM  n-MOSFET  with  L/W=3/3  jam  has 

been  fabricated  using  standard  single  implanted 

1 8 

SIMOX  material  (the  implanted  dose  was  1.8x10 


0+/cm2,  the  energy  of  implantation  was  200keV, 
and  the  temperature  of  implantation  was  600°C). 
Post-implantation  annealing  was  performed  at 
1320°C  in  Ar+2%02  for  6  hours.  After  device 
processing  the  thickness  of  the  BOX,  the  silicon 
layer  and  the  gate  oxide  were  400,  85  and  35  nm, 
respectively.  The  final  boron  concentration  in  the 

channel  region  is  7x10  cm  . 

The  drain  current  (1*0  vs.  front-  and  back-gate 
voltage  characteristics  of  the  SOI  MOSFETs  were 
measured  in  the  100  to  320°C  temperature  range  for 
V  =  100  mV.  The  voltage  applied  to  the  silicon 

substrate  (back-gate  voltage,  Vgb)  was  usually 
changed  from  -30  to  +30V  and  in  the  some  cases 
was  held  at  different  constant  values  for  different 
times.  Prior  to  every  set  of  measurements  all 
terminals  of  the  MOSFET  were  grounded  and  the 
devices  were  heated  up  to  300°C  for  300  sec. 

3.  RESULTS  AND  DISCUSSION 

The  sets  of  I  jyj  curves  vs.  back-gate  voltage 
measured  at  300°C  are  presented  in  Figure  1.  It 
should  be  noted  that  the  form  of  the  curves  depends 
considerably  on  the  direction  of  the  back-gate 
voltage  changing.  If,  at  first,  the  back-gate  voltage 
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was  negative,  the  Isd(Vg)  curves  show  the  “jump”  of 
the  current  in  the  vicinity  of  the  zero  value  of  gate 
voltage  when  the  back-gate  voltage  reaches  the 
positive  values  (Fig.  la).  In  another  case,  when  in 
the  beginning  of  the  set  of  measurements  the  back- 
gate  voltage  was  positive,  the  I8d(Vg)  curves  have  a 
usual  form  for  all  voltages  at  the  substrate  (Fig.  lb). 


-3-2-10  1  2  3 

Vg(V) 


Figure  1.  Drain  current  vs.  gate  voltage  for  different 
substrate  voltages  (Vgb)  at  300°C  when  substrate 
voltage  is  swept  from  +30 V  to  -30V  (a)  and  from  - 
30V  to  +30V  (b). 

It  is  worthy  noting  that  the  current  jump 
originating  in  the  I8d(Vg)  curves  depends  also  on  the 
temperature  of  measurement  and  is  created  by  the 
above  mentioned  conditions  at  the  temperatures 
higher  than  200°C  (Fig. 2a). 

To  characterize  the  Isd(Vg)  curves  with  the 
current  “jump”  we  determine  the  value  of  a 
threshold  voltage  for  this  case  as  the  intersection 
point  of  a  line,  drawn  as  the  extrapolation  of  the 


Isd(Vg)  curve  to  the  negative  gate  voltage,  with  the 
voltage  axis  (see  Fig. 2a).  The  variations  of  the 
threshold  voltages  for  the  front  channel  transistor 

(Vtf)  vs.  the  back-gate  bias  (so  named  charge 
coupling  effect  [2])  for  different  measurement 
temperatures  and  for  different  directions  of  the 
back-gate  voltage  changing  are  presented  in  Figure 
2b.  It  is  shown  that  the  current  jump  leads  to  the 

more  considerable  dependence  Vtf  vs.  Vgb  as 
compared  to  the  theoretical  one  and  this  dependence 
is  stronger  when  the  temperature  of  measurement 
grows  up. 


Figure  2.  Drain  current  vs.  gate  voltage  (a)  and 
threshold  voltage  vs.  substrate  voltage  (b)  for 
different  temperature  and  sequence  of  measurement. 

Because  of  the  high  temperature  and  the  use  of  a 
low  drain  voltage,  impact-ionization  and  floating 
body-related  effects  [7]  are  ruled  out  to  explain  the 
current  jump.  The  observed  phenomenon  can  rather 
be  related  to  the  charge  transport  in  the  gate  oxide 
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and/or  in  the  BOX  and  to  discharging  effects  in 
these  dielectric  layers. 

The  important  point  is  that  neither  the  current 
jump  nor  hysteresis  phenomena  are  observed  when 
the  front  gate  oxide  is  subjected  to  BT  stressing  at 
the  temperatures  up  to  320°C  and  the  back-gate  bias 
is  constant  during  the  experiments.  So,  the  observed 
phenomenon  is  related  to  processes  in  the  BOX. 

In  the  next  experiments  a  negative  voltage  is 
applied  for  some  time  to  the  back  gate  (silicon 
substrate).  The  front  gate  bias  is  -3V  to  avoid  the 
charge  coupling  effect.  If  the  back-gate  voltage  is 
then  swept  from  -15V  to  +30V,  a  drain  current 
jump  of  the  back-channel  current  (back-channel 
high-temperature  kink-effect  [6,  8])  is  observed  in 
W  characteristics  (Fig.3a).  The  presence  of  this 
back-channel  high-temperature  kink-effect  suggests 
that  some  time-  and  temperature-dependent 
generation  of  positive  charge  takes  place  in  the 
BOX  when  a  negative  voltage  is  applied  to  the 
substrate  (Fig. 3b)  [8].  The  important  point  is  that 
this  positive  charge  at  above  mentioned  conditions 
is  almost  fully  compensated  by  electrons  trapped 
from  the  substrate.  The  discompensation  and 
positive  charge  manifestation  can  be  observed  after 
the  back-gate  voltage  shifts  up  to  zero  or  to  some 
positive  magnitude  with  a  fast  sweeping  rate 
(Fig.  3c).  If,  after  the  negative  voltage,  we  apply  to 
the  substrate  the  positive  one,  the  positive  charge  in 
the  BOX  is  neutralized  by  electrons  injected  from 
the  silicon  body  (Fig.3d).  This  phenomenon  has  to 
lead  to  a  decrease  of  the  IsdVgb  characteristic  slope 
in  comparison  with  the  initial  one  (without  positive 
charge  in  the  BOX)  and  to  the  current  relaxation. 
Actually  we  observed  such  effects  (Fig.3a). 

To  estimate  the  value  of  BT  generated  positive 
charge  in  the  BOX  we  have  determined  the 
threshold  voltage  of  the  back-channel  MOSFET  in 
the  case  of  the  high-temperature  kink  effect  taking 
into  account  the  discharging  effect  [8].  For  this  we 
draw  a  line  which  is  parallel  to  the  initial 
characteristic  (without  a  current  jump),  from  the 
point  of  current  step  beginning  to  the  intersection 
with  the  voltage  axis.  The  point  of  the  line 
intersection  with  the  axis  is  the  threshold  voltage 
(see  Fig.3a).  Using  this  method  we  determined  that 


the  maximum  positive  charge  related  to  the  BOX- 
silicon  body  interface  can  reach  2.5xl012  cm'2. 
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Figure  3.  Drain  current  vs.  substrate  voltage  for 
different  hold  time  at  -15V  (measurements  were 
performed  from  -15V  to  +30 V;  arrow  indicates  the 
direction  of  current  relaxation)  (a);  Schematic 
illustration  of  the  positive  charge  accumulation  in 
the  BOX  at  Vg<0  V  (b),  of  the  redistribution  of  the 
charge  at  Vg=0  V  (c)  and  the  neutralization  of  the 
charge  at  Vg>0  V  (d). 

The  link  between  the  drain  current  jump  in  the 
front  MOSFET  and  the  positive  charge  created  in 
the  BOX  is  illustrated  in  Figure  4a.  The  application 
of  the  negative  voltage  to  the  substrate  for  150 
seconds  at  a  temperature  of  250°C  gives  rise  to  a 
small  shift  of  the  I8d(Vg)  curve  towards  more 
negative  voltage  values,  showing  that  some  small 
positive  charge  is  produced  in  the  BOX  (curves  1 
and  2  in  Figure  4a).  Then,  the  substrate  voltage  is 
switched  to  zero.  This  causes  the  discompensation 
of  the  positive  charge  in  the  BOX  and  gives  rise  to  a 
considerable  current  increase  and  to  formation  of  a 
current  jump  (curve  3  in  Figure  4a).  After  that,  if 
the  drain,  the  source  and  the  substrate  are  shortened 
for  150  sec.,  the  values  of  the  drain  current  and  the 
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magnitude  of  the  current  jump  decrease  (curve  4  in 
Figure  4a),  that  is  the  compensation  of  the  positive 
charge  in  the  BOX  (process  shown  in  Figure  3d) 
leads  to  the  decrease  of  the  drain  current  jump  in 
the  I  characteristic.  So,  we  can  conclude  that 
the  drain  current  jump  formation  in  the  MOSFET 
(which  we  will  call  "front-channel  high-temperature 
kink-effect")  has  a  direct  link  with  generation  of  the 
positive  charge  in  the  BOX  and  its  magnitude. 

2e-5  r — - . . . . .  1  I  1  I 


-2 


0 

Vg(V) 


Vg(V) 


Figure  4.  (a)  Drain  current  vs.  gate  voltage  in 
dependence  on  conditions  of  the  substrate:  1.  Vgb=- 
30V,  hold  time  is  0  sec;  2.  Vgb=-30V,  hold  time  is 
150  sec.;  3.  Vgb=-0V,  hold  time  is  0  sec  after 
stressing  at  Vgb=-30V  for  150  sec.;  4.  Vgb=  0V,  hold 
time  is  150  sec.  (b)  MEDICI  simulation  of  the  drain 
current  “jump”. 


The  phenomenon  can  be  related  to  trapping  of 
electrons  from  the  back  channel  of  the  MOSFET 
into  some  metastable  states  localized  in  the  BOX 
near  the  BOX-silicon  body  interface  and  created 
together  with  the  positive  charge  in  the  BOX  during 
a  negative  voltage  application  to  the  substrate  at 
high  temperature. 

The  results  of  2D-MEDICI  simulation  [9]  are 
presented  in  Figure  4b.  The  part  of  the  curve  for 
Vg>0  was  calculated  for  the  case  of  a  uniform 
positive  charge  distribution  as  a  function  of  depth  in 


17  -3  . 

the  BOX.  The  positive  charge  3.5x10  cm  is 
uniformly  distributed  within  a  distance  of  200  nm 
from  the  BOX-silicon  substrate  interface  which 
compensates  the  electric  field  formed  by  the  -30 
volts  applied  to  substrate.  The  part  of  the  curve  for 
Vg<0  in  Figure  4b  was  calculated  for  the  same 
positive  charge  distribution,  but  where  1.05xl012 
cm'2  electron  charge  is  located  in  the  BOX  near  the 
BOX-silicon  body  interface.  A  good  agreement 
between  experimental  results  (curve  3  Figure  4a) 
and  MEDICI  simulations  (Figure  4b)  can  be 
observed. 
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Splitting  and  electrical  properties  of  the  SOI  structure  formed  from  the  heavily  boron 
doped  silicon  with  using  of  the  smart-cut  technology 

I.V.  Antonova,  V.P.  Popov,  V.F.  Stas,  A.K.Gutakovskii,  A.E.Plotnikov,  V.I.Obodnikov 

Institute  of  Semiconductor  Physics  Lavrentieva  13,  630090  Novosibirsk,  Russia 

An  increase  in  boron  concentration  in  hydrogen  implanted  silicon  leads  to  increase  in  blister  concentration 
and  decrease  in  defect  concentration.  Boron-related  complexes  are  supposed  to  provide  nucleation  centers  for 
microcavities  formed  during  the  ion  implantation  and  following  annealing  due  to  effective  boron  interaction  with 
different  types  of  hydrogen-defect  complexes.  The  high  boron  concentration  in  the  initial  crystal  in  the 
combination  with  high  hydrogen  concentration  in  as-bonding  SOI  leads  to  n-type  of  conductivity  in  the  top  layer 
of  the  SOI  structure. 


1.  INTRODUCTION 

Splitting  and  blistering  processes  are  known  to 
happen  rapidly  in  the  heavily  boron-doped  silicon 
irradiated  by  hydrogen  ions  [I].  In  the  result  a 
lower  hydrogen  dose  can  be  used  for  creation  of 
Silicon-On-Insulator  (SOI)  structure  for  initial 
material  with  high  boron  concentration.  In  order  to 
explain  blistering  and  exfoliation,  at  least  two  types 
of  mechanisms  have  been  reported  in  the  literature. 
The  first  of  them  is  based  on  an  increase  in  the  H2 
gas  pressure  inside  the  microcavities  and  their 
growth  during  annealing  [2].  The  second  connected 
with  the  defect  stimulated  increase  in  a  lattice  stress 
and  its  release  by  means  of  exfoliation  [3,4].  The 
increase  in  boron  concentration  in  the  initial  silicon 
can  change  the  process  of  H2  gas  accumulation  in 
the  microcavities  and  had  to  effect  on  the  defect 
structure  of  implanted  crystal.  The  aim  of  the 
present  work  was  to  investigate  the  influence  of 
high  boron  concentration  on  (1)  the  defect 
structure,  blistering  and  exfoliation  in  hydrogen 
implanted  silicon  and  (2)  on  the  electrical 
properties  of  the  top  silicon  layer  in  the  SOI 
structure. 

2.  EXPERIMENTAL  DETAILS 

Czochralski  grown  silicon  wafers  with  <100> 
orientation  and  p-type  of  conductivity  were  used  for 
the  investigation.  The  electrically  active  boron 


concentration  was  changed  in  an  interval  from  10 15 
cm'3  to  1020cm'3.  Samples  with  boron 
concentrations  of  2x10 15  and  2x10 18  cm'3  were 
doped  with  boron  during  crystal  growth.  Heavily 
boron  doped  samples  were  also  prepared  by  300 
keV  B+  ion  implantation  (doses  are  equal  to 
O.SxlO16,  lxl016and  1.5xl016  cm'2)  and  annealed  at 
1075°C  for  100  minutes.  Average  boron 
concentrations  in  the  implanted  layers  of  these 
samples  are  equal  to  3xl019,  6xl019,  9xl019  cm'3. 
Hydrogen  implantation  was  carried  out  at  room 
temperature  by  H2+  ions  with  energy  of  135  keV  in 
the  dose  range  of  (1.5  -  4.5)xl016  H/cm2.  The 
thickness  of  the  oxide  layer  on  the  handle  wafer 
was  equal  to  0.35-0.4  pm  and  as  a  rule  this  oxide 
was  used  as  a  buried  oxide  for  SOI  structure.  The 
voltage-capacity  (CV)  and  Hall  effect 
measurements,  scanning  electron  microscopy 
(SEM),  transmission  electron  microscopy  (TEM) 
and  Rutherford  back-scattering  (RBS),  secondary 
ion  mass  spectroscopy  (SIMS)  were  used  for 
studying  the  SOI  and  implanted  layer  properties. 

3.  RESULTS  AND  DISCUSSION 

3.1.  Exfoliation  process  in  heavily  doped  silicon 
Figure  1  presents  TEM  images  of  samples  with 
different  boron  concentrations  implanted  by 
hydrogen  ions  and  annealed  at  1050°C. 
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Fig.l  TEM  images  of  the  samples  with  boron  concentrations  of  lxlO15  (a)  lxlO18  (b)  IxlO20  (c)  cm'3 
implanted  by  hydrogen  ions  with  dose  of  4.5x1 016H/cm2  and  annealed  at  1050°C. 


The  increase  in  boron  concentration  causes  the 
decrease  in  the  concentration  of  secondary 
radiation  defects  (bubbles  and  dislocation  loops  for 
a  given  annealing  temperature)  in  implanted  layer. 

Relative  changes  of  the  carrier  concentration  as 
a  function  of  boron  concentration  are  presented  in 
Fig  2.  The  increase  in  hydrogen  dose  leads  to 
proportional  decrease  in  boron  concentration  for 
samples  with  initial  concentration  higher  than  10 19 
cm'3.  Thus,  very  effective  interaction  of  boron 
atoms  with  point  defects  (V  and  I)  causes  an 
appearance  of  interstitial  boron  Br  (or  its  clusters, 
complexes),  B-H  and  other  boron-hydrogen  related 
complexes  in  high  concentration  in  silicon  lattice 
and  a  decrease  in  concentration  of  the  radiation 
defects  in  implanted  layer.  RBS  measurements  are 
really  found  the  decrease  in  defect  concentration 
near  the  depth  of  ion  projected  range,  Rp  (0.65  ^m) 
for  heavily  boron-doped  silicon  samples  in 
comparison  to  low-doped  samples. 

The  SEM  images  of  samples  with  different 
boron  concentration  implanted  with  hydrogen  dose 
of  4.1016  cm'2  and  flaked  after  annealing  at  450°C 
during  1  hour  show  that  the  increase  in  boron 
concentration  leads  to  increase  in  blister 
concentration  and  decrease  in  their  sizes  (Fig.3). 
Thus,  the  heavily  boron-doped  silicon  samples  have 
the  higher  concentration  of  blister  nucleation 
centers. 

Thus,  the  distinctive  characteristics  of  the 


hydrogen  implanted  heavily  doped  silicon  are  high 
concentration  of  boron  complexes  (like  B-H,  Bi 
and  other)  and  low  concentration  of  radiation 
defects. 


Boron  concentration,  crrr3 


Fig.2.  Relative  changes  in  the  carrier  concentration 
in  as-implanted  samples  as  a  function  of  boron 
concentration.  D  is  hydrogen  dose. 
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Fig.3.  SEM  images  of  surfaces  for  samples  implanted  by  hydrogen  ion  with  dose  of  4.1 016  cm'2  and  flaking  after 
annealing  at  450°C  during  1  hour.  Image  size  is  equal  to  200  pm. 
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Fig.4  Dependence  of  carrier  concentration  in  as- 
bonded  SOI  top  layer  on  annealing  temperature  for 
initial  wafers  with  boron  concentration  of  2x10 18 
(2,4)  and  2x1 015  cm-3  (1,3).  Bonding  was  carried 
out  at  temperature  450°C  during  0.5  (1 ,2)  and  2 
hours  (3,4). 


These  boron-related  complexes  can  provide  the 
nucleation  centers  for  microcavities  formed  during 
the  ion  implantation  and  following  annealing. 
Moreover  Bj  can  be  a  catalyst  of  a  H2  molecule 
formation  due  to  an  indirect  recombination  of  the 
mobile  hydrogen  contenting  defects  (VHn  and  IHn) 
on  boron  atoms. 

3.2.  Electrical  properties  of  SOI  structures 

Two  types  of  silicon  wafers  were  used  as  initial 
crystals  for  fabrication  of  SOI  structures  by  Smart- 
Cut  technology:  the  boron  concentrations  in  wafers 
were  of  2xl018  and  2xl015  cm"3.  The  temperature  of 
bonding  and  exfoliation  was  450°C.  Few  minutes 
are  enough  for  these  processes  but  real  annealing 
time  were  equal  to  0.5  and  2  hours.  Let  us  named 
this  time  as  bonding  time.  Commonly  the  annealing 
at  1100°C  for  high  quality  bonding  and  defect 
removal  completes  the  SOI  fabrication  [5].  In  the 
present  work  as-bonded  wafers  were  subjected  to 
the  isochronal  30min  annealing  in  the  temperature 
range  of  450  -1 100°C. 

Figure  4  presents  the  changes  in  carrier 
concentration  as  a  function  of  annealing 
temperatures.  P-type  of  conductivity  in  the  initial 
crystal  in  combination  with  the  short  bonding  time 
leads  to  n-type  of  conductivity  in  the  top  layer  of 
the  SOI  structure.  The  increase  in  boron 
concentration  causes  the  increase  in  donor 
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concentration.  These  donors  are  stable  up  to 
1100°C.  Free  carrier  mobility  in  the  low  doped 
silicon  film  is  400  cm'2/V.sec.  Prolonged  annealing 
at  bonding  temperature  gives  rise  to  the  decrease  in 
donor  concentration  in  the  low  doped  SOL  The 
heavily  doped  silicon  appears  p-type  for  the  2  h 
bonded  time  and  attains  their  initial  concentration 
at  800°C.  Carrier  mobility  in  the  last  case  is  equal 
to  80  cm'2/V.sec  (mobility  in  initial  wafer  was  106 
cm’2  /V.  sec  ). 

The  annealing  at  450°C  is  known  to  lead  to  the 
effective  removal  of  hydrogen  out  of  the  crystal  [6]. 
Fig.  5  is  demonstrated  the  hydrogen  profiles  in  as  - 
bonded  SOI  structure  obtained  by  SIMS  for 
bounding  time  of  2  hours.  Hydrogen  profiles  for 
SOI  annealed  at  different  temperatures  are  also 
given  in  Fig.5.  The  decrease  in  bonding  time  has  to 
lead  to  increase  in  the  hydrogen  concentration  in 
the  silicon  top  layer. 

The  obtained  results  allow  us  to  suggest  the 
existence  of  a  high-temperature  stable  complex  of 
interstitial  boron  secured  by  structural  defects  with 
the  assistance  of  hydrogen  atom(s).  Its  stability  in 
our  opinion  is  provided  by  some  structural  defects 
(for  example,  dislocation  loops)  which  as  shown 
the  RBS  data  exist  in  the  structure  up  to  the 
1100°C. 


depth,  pm 


Fig.5  Depth  hydrogen  distribution  for  SOI  structure 
fabricated  with  a  bonding  time  of  2  h. 

4.  SUMMARY 


The  increase  in  boron  concentration  higher  than 
1019  cm'3  in  hydrogen  implanted  silicon  leads  to  the 
higher  concentration  of  blister  nucleation  centers. 
On  the  other  hand  defect  concentration  in  heavily 
doped  silicon  is  very  low  due  to  the  effective 
interaction  of  boron  atoms  with  deferent  types  of 
defects.  The  boron  concentration  of  10 19  cm'3  is  the 
minimal  one  that  is  needs  in  the  ciystal  for  the 
complete  possible  defect  annihilation  through  the 
boron  atoms  for  hydrogen  dose  used.  Boron-related 
complexes  are  supposed  to  provide  nucleation 
centers  for  microcavities  formed  during  the  ion 
implantation  and  following  annealing.  The  high 
boron  concentration  in  the  initial  crystal  in  the 
combination  with  the  high  hydrogen  concentration 
in  as-bonding  SOI  leads  to  n-type  of  conductivity  in 
the  top  layer  of  the  SOI  structure.  This  donor  is 
suggested  to  be  a  complex  of  the  interstitial  boron 
with  hydrogen  atom(s)  secured  by  structural  defect. 
The  more  prolonged  annealing  at  bonding 
temperature  (450°C)  caused  decrease  in  the 
hydrogen  and  donor  concentration. 
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The  enhancement  of  the  gate  current  in  MOSFET  devices  by  use  of  a  substrate 
bias  has  been  explained  by  a  second  impact  ionization  event  at  the  drain-to-substrate 
junction.  Hot  electron  luminescence  measurements  confirm  this  interpretation  showing 
that  only  the  high-energy  tail  of  the  electron  distribution  is  affected  by  the  substrate  bias. 
This  phenomenon  has  been  applied  to  a  FLASH  memory  array  to  increase  the  injection 
efficiency.  Low  voltage  and  good  control  of  disturbs  has  been  demonstrated  in  a  0.5  Mbit 
embedded  FLASH  array  using  substrate  bias  during  programming. 


1.  INTRODUCTION 

Recently  there  has  been  a  renewed 
interest  in  the  carrier  heating  process 
known  as  "Secondary  Ionization 
Induced  Substrate  Hot-Electron" 
injection  [1],  by  which  an  enhanced 
injection  gate  current  in  MOSFET 
devices  is  observed  when  applying  a 
substrate  bias.  This  phenomenon,  called 
CHISEL  (CHannel  Initiated  Secondary 
ELectron  injection),  has  been  shown  by 
MonteCarlo  simulation  [2]  to  be  due  to 
impact  ionization  feedback  at  the  drain- 
to-substrate  junction. 

2.  PHYSICAL  PHENOMENON 

In  Figure  1  the  CHISEL  injection 
mechanism  is  sketched:  when  a  channel 
electron  impact  ionizes  at  the  pinch-off 
region  it  creates  an  electron-hole  pair; 
the  hole,  accelerated  by  the  drain  to 
substrate  bias,  may  also  undergo  a 
second  impact  ionization  event.  The 
electron,  generated  by  this  second 
impact  ionization  event,  is  accelerated 


back  into  the  channel  contributing  to 
populate  the  high-energy  tail  of  the 
electron  distribution  and  has  high 
probability  to  be  injected  into  the  gate. 
Hot  electron  luminescence  experiments 
have  confirmed  this  explanation  showing 
that  the  substrate  bias  increases  the 
high  energy  tail  of  the  electron  energy 
distribution  [3].  In  Fig.  2  the  light 
intensity,  normalized  to  the  drain 


Figure  1:  Sketch  of  the  CHannel 
Initiated  Secondary  ELectron  (CHISEL) 
injection  mechanism. 
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current,  is  measured  as  a  function  of 
wavelength  for  the  same  device  at  three 
different  bias  condition.  Open  circle  is 
the  light  spectrum  for  channel  hot 
electron  condition,  Vgs=2.0V  and 
Vds=3.2V,  filled  circle  correspond  to  the 
same  gate  and  drain  bias  condition  but 
with  a  negative  substrate  bias. 


Figure  2:  Typical  emission  spectra  at 
Vds=2.0V,  Vgs  =  2.0V,  Vbs  =  0V  (o)  and 
Vbs=- 1.25V  (*)■  Open  triangles  report 
the  emission  data  at  Vbs=-  1.25V 
obtained  adjusting  the  gate  voltage  (Vgs 
=  2.26V)  in  order  to  keep  the  same  Ib  /  Id 

«  2  10 2  as  in  (o). 

Because  of  the  body  effect,  the 
lateral  electric  field  in  the  pinch-off 
region  increases  and  therefore  the  whole 
spectrum  increases.  However,  if  the  gate 
bias  is  increased  (triangle  symbol)  to 
compensate  for  the  body  effect,  the 
spectrum  differs  only  in  the  high  energy 
region.  This  measurement  is  the  first 
direct  confirmation  of  the  MonteCarlo 
simulations  showing  that  the  effect  of 
substrate  bias  is  to  increase  the  high 
energy  part  of  the  electron  distribution 
in  the  channel. 


3.  SINGLE  CELL  FLASH  DATA 

The  ability  to  increase  the  high  energy 
tail  of  the  electron  energy  distribution  has 
important  consequences  and  application  for 
FLASH  memory  cells.  Due  to  the  increased 
injection  efficiency,  with  the  use  of  a  substrate 
bias  it  is  possible  to  obtained  comparable 
programming  time  with  lower  drain  to  source 
bias.  Moreover,  the  high  injection  efficiency 
allow  to  program  the  cell  in  the  self-limiting 
regime  (standard  channel  hot  electron  injection 
can  not  be  used  in  self-limiting  regime  due  to 
the  lower  injection  efficiency  that  would  make 
the  programming  time  unacceptably  long). 
Figure  3  shows  a  typical  stacked  gate  FLASH 
cell  characteristic:  the  programming  proceeds 
rapidly  until  the  device  turns  itself  off, 
saturating  to  a  threshold  voltage  linearly 
controlled  by  the  word-line  bias.  As  shown  in 
Fig.  3,  the  value  at  which  the  threshold  voltage 
saturated  is  independent  to  the  initial  threshold 
of  the  cell  and  depends  only  from  the  word¬ 
line  bias  used  during  programming. 


Figure  3:  Single  cell  programming 
characteristic  from  two  initial  states 
using  substrate  bias. 
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4.  FLASH  ARRAY  DATA 

We  have  evaluated  the  use  of  a 
substrate  bias  in  a  0.59  Mbit  embedded 
memory  array  containing  9  identical  64 
kbit  blocks  (256  rows  x  256  columns). 
The  flash  NOR  array  is  embedded 
together  with  a  0.35  pm  CMOS  DSP, 
Fig.  4,  using  5  additional  lithography 
steps.  The  array  is  placed  in  a  triple  well 
allowing  negative  substrate  biases 
during  writing  and  positive  substrate 
biases  for  uniform  Fowler-Nordheim 
erasure. 


Figure  4:  DSP  chip  micrograph  used  to 
evaluate  the  CHISEL  injection 
mechanism  in  a  FLASH  array. 

Figure  5(a)  shows  the  programming 
time  and  disturb  time  for  a  64  kbit 
memory  block  as  a  function  of  the  triple 
well  bias,  Vtw.  The  programming  time 
was  obtained  by  programming  (16  bits  a 
time)  a  checkerboard  pattern  from  an  all 
zeros  state  until  it  was  correctly  read  by 
on  chip  sense  amplifiers  (Vth=~2.5  V  for 
a  'O'  to  T  transition).  Therefore  the 
programming  pulse  width  of  Fig.  5 
corresponds  to  the  longest  programming 
time  of  32,000  cells.  Continuing  the 
programming  of  the  checkerboard 


pattern,  the  disturb  time  is  defined  as 
the  time  at  which  the  first  of  the  V 
becomes,  as  results  of  any  disturb 
mechanism,  a  T.  Because  the 
probability  of  the  second  impact 
ionization  phenomena  strongly  increases 
with  the  decrease  of  Vtw,  the 
programming  time  decreases, 
approximately  four  orders  of  magnitude 
in  going  from  Vtw=  0.0  V  to  -3.0  V. 
Simultaneously,  the  disturb  time  also 
decreases.  The  disturb  is  due  to  a 
parasitic  feedback  effect  initiated  by  the 
drain-tub  reverse  bias  junction  leakage. 
Increasing  the  chuck  temperature 
reduces  programming  time  through 
increased  phonon  scattering,  but  the 
disturb/program  margin  is  almost 
insensitive  to  temperature. 

The  dependence  of  the 
programming  /disturb  time  on  word-line 
bias  is  shown  in  Figure  5(b).  It  is 
possible  to  observe  an  increase  in  the 
programming  time  with  increasing  Vwl. 
This  behavior  has  the  same  origin  as  the 
well-known  decrease  of  substrate 
current  with  increasing  gate  bias  in 
MOSFETs.  Note  that  this  behavior  is 
opposite  to  channel  hot  electron 
injection,  where  the  injection  current 
increases  with  Vwl.  The  dramatic 
increase  in  the  programming  time  for 
Vwl  <  4.0  V  is  due  to  the  self-limiting 
programming  characteristic  of  CHISEL 
injection.  When  Vwl=3.5  V  the  cell 
reaches  its  programmed  threshold 
voltage  in  about  3  ps  (extrapolating  the 
programming  time  measured  for 
Vwl=4.0  V),  but  its  value  it  is  not 
sufficient  to  be  read  as  T.  Only  after  the 
programming  time  reached  0.2  ms  the 
threshold  increases  above  the  level 
required  for  reading  a '  1'  state.  This  slow 
programming  corresponds  to  the  gentle 
increase  of  the  threshold  seen  in  Figure 
3  after  the  first  sharp  rise. 
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Because  the  array  is  placed  in  a 
triple  well  allowing  negative  substrate 
biases  during  writing,  it  is  possible  to 
use  positive  substrate  for  uniform 
Fowler-Nordheim  erasure.  Uniform 
erase  is  intrinsically  a  low  current  erase 
method  and  it  has  been  shown  to  have 
better  cycling  performance  [6]  than  non- 
uniform  erase  techniques.  Erasure  of  all 
9  memory  blocks  was  achieved  in  1  s 
with  8  V  on  the  triple  well  (Vtw),  bit  line 
and  source  line,  and  -5  V  on  the  word 
line  (Vwl). 


Figure  5:  Program  and  disturb  time  for 
256x256  bit  programmed  16  bits  a  time 
with  a  checkerboard  pattern.  Triangle 
25  °G,  square  80  °C  and  circle  110  °C. 
(a)  Vbl=3.5  V,  Vwl=4.0  V,  function  of 
triple  well  bias,  (b)  Vbl=3.5  V,  Vtw=-3.0 
V,  function  of  word  line  bias. 


For  this  test  chip,  high  voltages  are 
supplied  externally,  but  due  to  the  low 
current  required  for  both  erase  and 
writing,  a  small  area  on  chip  charge 
pump  can  be  easily  integrated  to  supply 
the  required  voltages  from  a  single  low 
voltage  power  supply. 

After  all  9  memory  block  are  erased, 
the  threshold  voltage  (Vth)  distribution  is 
broad  (~2V  wide)  having  a  maximum 
near  0.5  V.  The  array  was  then  written  , 
using  a  low  word  line  voltage  (Vwl0),  to  a 
'0f  state  using  a  single  programming 
pulse  for  each  cell  with  no  program 
verify.  The  convergence  property  of 
CHISEL  mechanism  guarantees  that  all 
cells  stop  programming  when  they  reach 
a  Vth  of  about  IV.  The  threshold  value  at 
which  the  cell  converges,  as  suggested 
by  Figure  3,  is  about  1.2  V  less  than  the 
value  of  the  word  line  used  to  write. 
Figure  6  shows  the  tight  Vth  distribution 
obtained  after  this  simple  erase 
algorithm. 


Threshold  Voltage  (V) 


Figure  6:  Threshold  voltage  distribution 
after  the  erase  algorithm. 

The  chip  read  access  performance 
depends  on  the  width  of  the  erase  Vth 
distribution  and  on  its  position  relative 
to  the  threshold  of  the  sense  amplifier. 
Varying  Vwl0  during  the  erase  algorithm 
controls  the  center  of  the  ’O’  distribution. 
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The  optimum  condition  is  reached  for 
the  lowest  Vwl°  that  still  prevents  bit 
line  leakage  of  unselected  cells.  It  is 
important  to  note  that  in  this  DSP  no 
word-line  boosting  is  done  during 
reading  (Vwl=Vdd)  and  that  the  sense 
amplifier  threshold  decreases  with 
decreasing  Vdd.  High-speed  access 
requires  large  cell  currents,  and  hence  a 
lower  voltage  Vth  distribution  for  a 
given  read  Vwl.  Due  to  the  increased 
sense  amplifier  sensitivity  at  low  Vdd, 
bit  line  leakage  becomes  a  problem,  and 
a  higher  Vwl0  voltage  is  required  to 
write  the  '0'  state.  For  low  voltage 
operation,  Vwl°=2.5  V  brings  the  mean 
of  the  zero  distribution  closer  to  the 
sense  amplifier  ’O'  to  T  transition,  and 
farther  away  from  the  over- erase 
condition  (Figure  7).  Decreasing  Vwl0 
produces  a  zero  distribution  optimized 
for  fast  read  access  but  slightly  higher 
operation  voltage. 


Figure  7:  Lower-bound  curve  of  the 
Schmoo  plots  at  room  temperature. 

5.  CONCLUSION 

We  have  shown  that  the  use  of 
substrate  bias  increases  the  high-energy 
tail  of  the  electron  energy  distribution 
because  of  a  second  impact  ionization 
event  at  the  drain-to-substrate  junction. 


This  phenomenon  has  been  applied  to  a 
flash  memory  array  embedded  in  a  DSP. 
Fast  programming  time  with  good 
control  of  disturbs  has  been 
demonstrated. 
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The  limit  of  MOSFET  oxide  scaling  is  examined  from  the  viewpoint  of  reliability.  Measurements  of  the 
voltage  dependence  of  the  defect  generation  rate  and  the  thickness  dependence  of  the  critical  defect  density, 
together  with  the  breakdown  statistics  for  ultra-thin  oxides,  are  used  to  provide  a  general  framework  for 
predicting  the  lifetime  of  ultra-thin  oxides  at  operating  voltage.  It  is  argued  that  reliability  is  the  limiting  factor 
for  oxide  thickness  reduction. 


1.  INTRODUCTION 

Aggressive  scaling  of  the  oxide  thickness  for 
future  MOS  logic  and  memory  technology  requires, 
among  other  concerns,  an  assurance  that  the  oxide 
can  meet  requirements  for  reliability  [1].  Defects 
generated  by  electrons  tunneling  through  the  gate 
oxide  ultimately  lead  to  destructive  breakdown.  We 
have  investigated  the  relationship  between  the  rate  of 
defect  generation  and  the  gate  voltage  down  to 
voltages  where  transport  occurs  by  direct  tunneling. 
Next,  the  critical  defect  density  at  breakdown  has 
been  measured  as  a  function  of  oxide  thickness  in  the 
range  2  to  6  nm.  The  complete  thickness  dependence 
is  well  described  by  a  percolation  model.  Finally,  the 
breakdown  statistics  appropriate  for  thin  oxides  have 
been  used  to  predict  time-to-breakdown  at  low 
voltage  for  chips  built  with  ultra  thin  gate  oxide.  The 
result  is  shown  in  Figure  1 .  This  model  predicts  that 
oxide  reliability  will  limit  the  oxide  scaling  to  about 
2.6  nm  (CV  extrapolated  thickness)  or  2.2  nm  (QM 
thickness)  for  a  IV  supply  voltage  at  room 
temperature  and  that  the  current  Semiconductor 
Industry  Association  (SLA)  roadmap  will  be 
unattainable  for  reliability  reasons  by  sometime  early 
next  century.  In  this  paper  we  will  describe  the 
experiments  that  led  to  the  breakdown  model 
predictions  of  Figure  1.  The  assumptions  of  the 
model  are  critically  examined. 


2.  SAMPLES  AND  EXPERIMENTAL 
TECHNIQUES 

A  variety  of  n-  and  p-channel  FETs  were  used, 
with  oxide  thickness  (U)  ranging  from  about  1 .4  to  5 
nm.  The  gate  oxides  were  grown  by  a  variety  of 
processes  including  oxidation  in  O2,  N2O,  and  NO, 


Figure  1 .  The  largest  allowable  supply  (gate)  voltage,  Vmax,  as  a 
function  of  oxide  thickness,  consistent  with  a  failure  rate  of  100 
ppm  for  a  total  gate  area  of  0.1  cm2  on  a  chip  operating  at  room 
temperature  for  10  years.  Solid  and  dotted  curves  correspond  to 
tox  measured  by  CV  extrapolation  or  a  QM  method,  respectively. 
The  dashed  line  is  the  SIA  roadmap  (1997  version)  for  U  and 
Vdd,  corresponding  to  the  indicated  year  of  first  manufacture  and 
technology  generation. 
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Figure  2.  Measured  exponential  dependence  of  current  density  on 
oxide  thickness.  Data  are  for  n-FETs  in  inversion.  Solid  symbols 
correspond  to  oxide  thickness  determined  by  a  classical  CV 
extrapolation  technique,  open  symbols  correspond  to  thickness 
determined  from  a  Schrodinger/Poisson  fit  to  the  CV  curves. 


and  N20  oxidation  of  nitrogen  ion-implanted 
substrates.  Unless  otherwise  stated,  the  oxide 
thickness  was  obtained  from  the  capacitance-  voltage 
(CV)  characteristics  using  a  classical  extrapolation 
method.  This  gives  values  which  are  about  0.3  -  0.5 
nm  larger  than  those  obtained  from  a  self-consistent 
Schrodinger-Poisson  quantum  mechanical  (QM) 
analysis.  For  the  thinnest  samples  (<2nm),  where  CV 
measurement  was  not  possible  because  of  gate 
leakage,  toX  was  estimated  from  the  gate  current  in 


Figure  3.  CV  measurement  of  generated  interface  states  as  a 
function  of  injected  charge  for  various  gate  biases,  for  n-FETs 
with  a  5  nm  oxide  under  positive  bias  at  room  temperature. 


direct  tunneling  using  the  relation  shown  in  Figure  2. 
The  device  area  was  5x1  O'4  cm2  for  most 
measurements. 

Constant-voltage  stress  was  applied  using 
voltages  from  2  to  8  V  of  either  polarity.  The  current 
was  monitored  during  stress,  and  integrated  to 
determine  the  charge-to-breakdown  (Qbd). 
Breakdown  was  defined  as  the  first  sudden  increase 
in  the  direct  tunneling  leakage  current.  Generated 
defect  densities  during  stress  were  determined  by 
interrupting  the  stress  and  measuring  the 
stress-induced  leakage  current  (SILC)  at  a  sense 
voltage  of  1.2  -  2.8  V.  The  SILC  is  expressed  as  the 
relative  change  in  leakage  current  AJ/Jo,  which  can 
be  related  to  the  increase  in  neutral  electron  traps 
generated  by  hot  electrons  [2].  Jo  is  the  initial  value 
of  leakage  current  at  the  sense  voltage.  High 
frequency  CV  measurements  were  also  used  on 
thicker  oxides  (>4.0  nm)  to  determine  trapped 
charge  and  interface  state  densities.  The 
dimensionless  SILC  can  be  normalized  to  the 
measured  interface  state  density  in  the  region  4-5  nm 
where  the  CV  and  SILC  techniques  overlap,  from 
which  we  obtain  the  relation  Ns(cm'2)*3xl08AJ/Jo. 
This  is  consistent  with  the  value  found  previously  [2] 
for  bulk  neutral  traps,  where  Nn(cm'2)~ 
1.25xl08AJ/J0.  Typical  data  illustrating  defect 
generation  as  a  function  of  injected  charge  for 
various  gate  voltages  are  shown  in  Figures  3-4. 


n-FET/n+  5x1 0~4  cm2  3.0  nm  25  «C 

F - 1 - 1 - 1 - T - 1 - 1 - 

-  o  —  3.8  V  ■  _  4.8  V  A  -  5.2  V 


~  -  4.0  V  a  -  5.0  V  +  -  5.4  V 

:  v  -  4.2  V 
▼  —  4.4  V 


io-4  io-3  ur2  icr1  i  io1  io2  io3 
Qinj  (C/cm2) 

Figure  4.  SILC  measurement  as  a  function  of  injected  charge  for 
various  gate  stress  voltages,  for  n-FETs  with  a  3  nm  gate  oxide 
under  positive  gate  bias  at  room  temperature.  The  sense  voltage  is 
2  V. 
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3.  DEFECT  GENERATION  RATE 

A  strong  shift  of  the  defect  generation  to  larger 
fluence  with  decreasing  stress  voltage  can  be  seen  in 
Figures  3  and  4.  This  is  quantified  in  the  average 
defect  generation  rate,  Pg ,  which  is  extracted  from 
the  slopes  in  the  linear  regions  of  these  data  or  by 
fitting  to  a  linear  function  of  fluence  near  breakdown 
[1,2].  Typically,  the  defect  generation  curves  exhibit 
a  sub-linear  appearance  at  low  fluence,  which  may 
be  caused  by  slow  charging  of  interface  states.  Also, 
in  thicker  oxides  (>3  nm),  or  at  high  fluence  when 
low  stress  voltage  is  used,  the  measured  defect 
density  may  saturate,  possibly  because  of  trap 
occupancy  effects.  Because  of  the  strong  voltage 
dependence,  the  exact  fluence  dependence  of  the 
defect  generation  has  little  influence  on  what 
follows.  Figure  5  shows  Pg  for  a  wide  variety  of 
samples  at  room  temperature  plotted  as  a  function  of 
gate  voltage  (Vg).  Pg  exhibits  a  power  law  threshold 
at  about  5.6V  attributed  to  hydrogen  release  from  the 
anode,  and  an  exponential  sub-threshold  tail 
extending  over  12  orders  of  magnitude  down  to  at 
least  2V,  which  is  the  lowest  stress  voltage  so  far 
measured  using  uniform  tunneling  stress.  The  slope 
of  the  exponential  region  is  3±0.1  decades/Volt.  Pg  is 
independent  of  gate  area.  Within  the  scatter,  Pg  is 
independent  of  U  and  oxidation  process.  Apparent 
deviations  from  the  exponential  dependence  at  the 
higher  end  of  the  measured  voltage  range  for  some 
oxide  thicknesses  are  caused  by  series  resistance.  Pg 
does  not  exhibit  a  hard  threshold  or  any  other 
features  below  5V.  In  particular,  there  is  no 
discontinuity  or  change  in  slope  at  the  transition 
from  Fowler-Nordheim  to  direct  tunneling  at  about 
3V.  At  higher  voltage,  additional  thresholds  have 
been  observed  corresponding  to  anode  hole  injection 
[3]  above  ~8V  and  impact  ionization  [4]  at  ~12V. 
These  observations  suggest  that  the  hydrogen  release 
mechanism  of  oxide  degradation  controls  all  defect 
generation  at  low  voltage  near  operating  conditions. 

4.  CRITICAL  DEFECT  DENSITY  AT 
BREAKDOWN 

The  critical  defect  density  at  breakdown  (NBD)  is 
a  strong  function  of  U  [5-8].  Figure  6  shows  the 
measured  NBD  for  each  tox  over  a  range  of  stress 
voltages  [6-8].  In  contrast  to  Pg,  the  data  for  NBD  do 
not  show  any  universal  dependence  on  stress 


Figure  5.  Average  defect  generation  rate  as  a  function  of  gate 
voltage.  All  data  were  taken  at  room  temperature.  Data  are  from 
SILC  measurements  except  for  the  open  diamonds  which  are 
from  CV  stretch-out.  The  relative  normalization  of  CV  and  SILC 
data  is  the  same  as  in  Figure  7.  The  solid  line  is  the  model  based 
on  an  exponential  fit  to  the  data  below  5.6  V  and  a  power  law  fit 
to  the  CV  data. 

voltage.  Figure  7  shows  the  dependence  on  W  for  a 
gate  area  of  5x1 0‘4  cm2.  Each  point  in  this  figure  is 
the  average  of  several  values  taken  over  a  range  of 
stress  voltages.  The  normalization  of  the  SILC 
values  and  the  defect  densities  from  CV  is  consistent 
throughout  Figures  5-7.  The  thickness  dependence  of 
NDD  is  quantitatively  explained  by  a  percolation 
model  [5,7-9]  shown  by  the  solid  symbols  in  Figure 
7.  The  percolation  model  of  breakdown  predicts  a 
singular  behavior  when  tox  becomes  less  than  the 
effective  size  a0  of  a  defect,  because  in  this  limit  a 
single  defect  near  the  center  of  the  oxide  is  sufficient 
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Figure  6.  Critical  defect  density  for  breakdown  over  a  range  of 
stress  voltages,  for  various  oxide  thickness.  Closed  symbols  are 
interface  state  densities  from  CV  stretch-out,  open  symbols  are 
SILC  measurements  of  AJ/J0  at  breakdown. 


398 


J.  Stathis,  D.  DiMaria  /  Microelectronic  Engineering  48  (1999)  395-401 


Figure  1.  Critical  defect  density  for  breakdown  as  a  function  of 
oxide  thickness.  Open  circles  are  interface  state  densities  from 
CV  stretch-out.  Open  diamonds  are  SILC  measurements  of  AJ/J0 
at  breakdown.  The  data  from  the  two  techniques  are  matched  at  5 
nm.  Solid  symbols  are  from  percolation  model  calculations  on  a 
simple  cubic  lattice  with  lattice  constant  a4 3  or  ad 5  [9].  The 
dashed  line  is  the  thin-oxide  limit  predicted  from  the  percolation 
model  [8]. 

to  create  a  continuous  path  across  the  sample.  The 
NBD  data  are  consistent  with  this  model.  The  critical 
defect  density  exhibits  a  steep  drop  from  about  5  to  3 
nm,  and  becomes  constant  below  this  thickness.  The 
plateau  value  below  3  nm  corresponds  to  a  constant 
number  equal  to  2000  defects  in  the  5x1  O'4  cm2  area 
of  each  sample,  suggesting  that  each  percolation  path 
has  a  probability  of  about  10'3  of  initiating  a 
destructive  breakdown  event.  Using  this  value  for 
the  fraction  of  “effective”  defects,  an  excellent  fit  to 


Figure  8.  Qbd  data  and  model  calculation  as  a  function  of  gate 
voltage.  Open  symbols  are  /?-FETs,  filled  symbols  are  n-FETs. 


the  data  is  obtained  over  the  entire  thickness  range 
with  the  defect  size  ao  =  3.5  nm. 

5.  CALCULATION  OF  CHARGE-TO- 
BREAKDOWN  AND  CHIP  LIFETIME 

Knowing  the  critical  defect  density  and  the 
average  defect  generation  rate  allows  the  calculation 
of  Qbd  from  the  relation  Qbd=N BDIPg.  The  result  is 
shown  in  Figure  8  together  with  experimental  values. 
The  agreement  with  the  measured  Qbd  is  very  good 
with  the  exception  of  the  thicker  oxides  where  the 
saturation  of  the  CV  measurement  causes  NBD  to  be 
underestimated.  Note  that  Qbd  becomes  relatively 
independent  of  thickness  independent  below  3  nm,  in 
accordance  with  the  behavior  of  NBD.  TBd  is 
calculated  (Figure  9)  by  dividing  Qbd  by  the 
measured  current  density,  which  is  nearly  constant 
during  stress  for  thin  oxides  (<4  nm).  Below  3  nm, 
Tbd  decreases  exponentially  with  decreasing  W,  even 
though  Qbd  is  constant,  because  of  the  increasing 
tunnel  current. 

The  10  year  lifetime  indicated  in  Figure  9  must 
be  projected  to  the  full  gate  area  on  the  chip  and  to  a 
specified  low  cumulative  failure  rate  using  the 
Weibull  distribution  [10].  The  area  and  failure  rate 
scaling  is  sensitive  to  the  Weibull  slope  p,  which  is 
thickness  dependent  [5,11]  and  goes  to  unity  for 
ultra  thin  oxides,  as  shown  in  Figure  10.  The  lifetime 

scales  as  [-^r]1^  where  A  is  the  area  of  the  test 


Figure  9.  Calculated  gate  voltage  dependence  of  median  time-to- 
breakdown  for  various  oxide  thicknesses.  The  measured  current 
density  is  used  for  to„>2.2  nm,  and  an  exponential  extrapolation 
of  current  density  vs.  U  is  used  for  thinner  oxides. 


J.  Stathis,  D.  DiMaria  1  Microelectronic  Engineering  48  (1999)  395-401 


399 


0.5  1.0  1.5  2.0 


»« <nm> 


Figure  10.  Measured  and  calculated  Weibull  slope  (p)  as  a 
function  of  oxide  thickness. 


structure  and  A'  is  the  total  gate  area  on  a  chip,  and 
approximately  as  [-fr]1^  where  F  is  the  measured 
failure  rate  (50%)  and  F'  is  the  desired  low  failure 
rate  for  the  product.  Figure  1  shows  the  results  for 
0.1  cm2  gate  area  and  100  ppm  failure  rate  in  10 
years  at  room  temperature.  Plotted  is  the  maximum 
gate  voltage  which  can  be  tolerated  for  the  stated 
reliability  specification.  Error  bars  reflect  the 
measured  uncertainty  in  Pg  and  NBD.  This  figure 
predicts  that  silicon  dioxide  cannot  be  made  much 


Figure  1 1 .  Defect  generation  rate  from  CV  measurements  on  an 
/j-FET  with  a  4.7  nm  oxide,  comparing  Fowler-Nordheim  injec¬ 
tion  above  5  V  (Emax=-^V?)  and  SHE  (Emax=4(V,+4>np)).  Nn  and  Ns 
are  occupied  electron  traps  and  interface  states,  respectively.  The 
line  is  the  model  curve  derived  from  the  data  shown  in  Figure  5. 


thinner  than  about  2.6±0.15  nm  (2.2  nm  according  to 
the  QM  thickness  method)  assuming  1  V  operation, 
without  becoming  unacceptable  from  a  reliability 
standpoint.  For  chips  operating  at  elevated 
temperature,  e.g .  100-150°C,  the  minimum  U  will  be 
~0.2  nm  larger  because  both  Pg  and  NBD  are 
temperature  dependent  [12]. 

6.  POSSIBLE  LIMITATIONS  OF  THE  MODEL 

The  extrapolation  of  TBD  or  QBd  to  operating 
voltage  involves  an  extrapolation  beyond  the 
measured  range  of  Vg  for  both  Pg  and  NBD.  It  is 
assumed  that  the  voltage  dependence  is  entirely 
contained  in  Pg  and  that  the  toX  dependence  is  entirely 
contained  in  NBD.  The  model  predicts  that  QBD  will 
have  an  exponential  voltage  dependence,  the  inverse 
of  the  voltage  dependence  of  Pg  which  is 
approximately  3  decades/V olt. 

Since  Pg  has  been  measured  to  2  V,  the 
extrapolation  involves  at  most  2-3  orders  of 
magnitude  in  this  quantity.  However,  Figure  7  shows 
Pg  data  for  each  U  over  only  a  limited  range  of  Vg, 
leaving  the  possibility  that  Pg  for  a  particular  U 
might  deviate  from  the  exponential  slope  at  lower 
voltage.  To  test  this,  measurements  have  been 
performed  using  substrate  hot  electron  (SHE) 
injection  on  injector  structures  [13].  SHE  allows  for 
variation  of  the  electron  energy  distribution  at  the 
substrate/oxide  interface  independent  of  the  oxide 
field  or  electron  flux.  Figure  1 1  shows  CV  data  for 
an  n-FET  with  a  4.7  nm  oxide  for  electron  energy  as 
low  as  2.7  eV.  For  SHE  the  energy  Emax  is  #(Vs+<|>np) 
where  Vs  is  the  voltage  applied  to  the  substrate  and 
<j)np  is  the  contact  potential  difference  (-1.1V) 
between  the  n+  inversion  layer  and  the  p+  contact. 
The  figure  shows  that  defect  generation  by  hot 
electrons  impinging  on  the  substrate/oxide  interface 
follows  the  same  dependence  on  energy  as  that  from 
Fowler-Nordheim  injection  through  the  oxide.  This 
universal  energy  dependence,  independent  of  W, 
permits  knowledge  of  P8  to  within  1  volt  of  operating 
voltage  for  1-1.5V  technologies. 

Also  implicit  in  the  voltage  extrapolation  of  TBD 
or  Qbd  is  the  assumption  that  NBD  is  independent  of 
Vg  [1,14].  There  is  experimental  support  for  this 
assumption,  at  least  as  a  first  order  approximation 
[5-8,15,16],  but  for  accurate  reliability  projections  it 
will  be  necessary  to  examine  this  assumption  in 
greater  detail.  Published  data  have  examined  limited 
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ranges  of  stress  voltage  [17]  or  lack  sufficient 
statistical  accuracy  [6-8].  Figure  6  seems  to  indicate 
that  substantial  voltage-dependent  corrections  to  NBD 
will  be  required,  although  these  are  far  from  being 
understood  at  this  time.  The  CV  and  SILC  data  at  4 
nm  show  different  trends,  with  the  SILC  at 
breakdown  decreasing  as  Vg  is  reduced.  This 
dependence  of  the  saturation  value  of  the  SILC  on 
stress  voltage  has  been  discussed  previously  [2].  For 
the  thinnest  oxides  (<3  nm)  studied  in  Figure  6  there 
is  no  clear  trend,  with  NDD  decreasing  in  some  cases 
and  increasing  in  others  as  Vg  is  reduced. 

A  voltage-dependent  NBD  could  arise  from 
several  sources.  The  percolation  path,  which  has 
been  modeled  [5,9]  in  zero  field  to  obtain  the  fit 
shown  in  Figure  7,  could  in  fact  be  weakly  field 
dependent.  The  formation  of  the  percolation  path, 

i.e.  the  generation  of  new  defects,  could  depend  on 
the  local  field  produced  by  the  other  defects  [18,19]. 
This  would  lead  to  more  directed  paths  at  higher 
voltage,  so  that  the  average  defect  density  to  form  a 
connecting  path  across  the  sample  would  be  reduced. 
A  competing  effect  of  a  field-dependent  constraint 
on  hopping  direction  has  also  been  proposed  [20].  In 
addition,  the  probability  that  a  given  percolation  path 
will  trigger  breakdown  (the  fraction  of  “effective” 
defects  [8])  might  be  voltage  dependent.  Statistically 
significant  data,  on  a  range  of  oxide  thicknesses  and 
process  conditions,  will  be  required  to  address  these 
issues. 

7.  CONCLUSIONS 

Figure  1  illustrates  that  at  operating  conditions 
gate  oxide  failure  caused  by  intrinsic  degradation 
and  breakdown  has  not  been  a  significant  reliability 
concern  in  the  past,  but  that  reliability  will  soon 
become  a  limiting  factor.  If  projected  scaling  trends 
continue,  this  limit  may  be  reached  earlier  than  other 
factors  such  as  chip  standby  power  consumption.  If 
Si02  cannot  be  scaled  to  meet  future  demands, 
another  material  with  higher  reliability  will  be 
needed.  Unfortunately,  much  work  remains  before 
any  new  dielectric  material  will  reach  the  level  of 
quality  needed  to  obtain  device  performance 
comparable  to  what  can  be  achieved  at  present  with 
Si02. 

With  reliability  seen  as  a  limiting  factor  for 
device  scaling,  it  must  be  brought  to  the  forefront  of 
concern  in  FET  design  and  process  development. 


The  influence  of  oxide  breakdown  on  device  and 
circuit  performance  will  also  need  to  be  investigated 
[21,22].  The  general  features  of  the  physics  of  Si02 
breakdown  have  been  described  in  this  paper,  as  a 
voltage  dependent  defect  generation  process  and  a 
thickness  dependent  critical  defect  density.  Greater 
precision  in  reliability  projection  will  require  deeper 
understanding  of  these  parameters. 
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With  reference  to  the  mainstream  flash  EEPROM  technology,  the  most  relevant  failure 
mechanisms  that  affect  memory  reliability  are  reviewed,  showing  the  primary  role  played  by 
tunnel  oxide  defects.  The  degradation  of  device  performance  and  single-bit  failures  induced 
by  program/erase  cycling,  like  the  erratic  erase  phenomenon,  are  discussed.  The  impact  of 
stress-induced  leakage  current  on  data  retention  is  shown  to  limit  the  tunnel  oxide  scaling. 


1.  INTRODUCTION 

In  the  most  recent  years  flash  EEPROM 
has  become  an  important  portion  of  the 
total  semiconductor  memory  market.  Flash 
memory  combines  the  capability  of  being 
electrically  erased  and  re-written,  featured 
also  by  the  more  expensive  EEPROM,  with 
the  single  transistor  structure  of  EPROM, 
allowing  the  production  of  high  density, 
low  cost  memories. 

Memory  reliability,  namely 

program/erase  (p/e)  endurance  and  data 
retention,  is  a  key  issue  of  flash 
technology.  Strong  efforts  have  been 
devoted  to  improve  the  tunnel  oxide 
quality,  which  is  the  single  most  important 
factor  affecting  flash  memory  reliability, 
both  in  terms  of  intrinsic  properties  and 
defect  density.  At  the  same  time  design 
solutions  to  make  devices  less  sensitive  to 
oxide  defects  and  methodologies  for 
screening  of  latent  defects  at  wafer  sorting 
have  been  developed. 

Nowadays,  flash  memory  is  widely 
accepted  as  an  established  and  reliable 
technology,  but  the  continuous  trend  to 
increase  the  storage  density  is  driving  the 
technology  close  to  its  physical  limits  and 
new  reliability  challenges  are  met.  One  of 
the  most  important  concerns  the  tunnel 


oxide  scaling,  “which  is  essential  for 
memory  performance  improvement.  The 
slowness  of  tunnel  oxide  scaling  for  flash 
processes,  which  is  due  to  reliability 
reasons,  is  pointed  out  in  Figure  1  where  it 
is  compared  with  the  scaling  trend  of  gate 
oxide  for  logic  devices. 

In  the  present  paper  the  failure 
mechanisms  limiting  memory  endurance  and 
data  retention  will  be  discussed.  Reference 
will  be  done  to  the  mainstream  flash 
technology;  a  floating-gate  cell  in  a  NOR- 
type  array  is  considered;  the  cell  is 
programmed  with  channel  hot-electron 
injection  and  erased  with  Fowler-Nordheim 
tunnelling  [1].  In  Figure  2  a  schematic 


Figure  1.  Scaling  trends  for  tunnel  oxide 
of  flash  and  gate  oxide  of  logic  devices. 
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Figure  2 .  Biasing  scheme  for  programming  and  erasing  a  flash  memory  cell. 


drawing  of  the  cell  cross  section  with 
typical  program  and  erase  conditions  is 
reported. 

Section  2  is  dedicated  to  failure  modes 
related  to  the  typical  cell  behavior.  The 
impact  on  reliability  of  extrinsic  oxide 
defects,  like  local  oxide  thinning  or 
contamination-induced  high  conductivity 
spots,  will  only  be  mentioned.  Sections  3 
and  4  deal  with  single-cel!  failures,  namely 
erratic  erase  and  single-bit  data  loss  after 
p/e  cycling,  which  can  be  both  ascribed  to  a 
trap-assisted  anomalous  tunnel  oxide 
conduction. 


2.  INTRINSIC  RELIABILITY 

2.1.  Program/erase  endurance 

Endurance  of  flash  memory  can  be 
limited  by  two  failure  modes:  1)  the 
reduction  of  p/e  efficiency  due  to  oxide 
aging,  which  brings  to  a  parametric  failure, 
2)  single-bit  failures  due  to  tunnel  oxide 
defects. 

The  first  failure  mode  is  related  to  a 
quite  uniform  and  reproducible  wear-out  of 
memory  cell  performance.  A  typical  result 
is  shown  in  Figure  3.  The  experiment  was 
performed  applying  constant  amplitude 
pulses  and  the  variations  of  programmed 
and  erased  VT  levels  give  a  measure  of 
oxide  aging. 

The  evolution  of  the  erased  Vj  reflects 
the  well-known  charge  trapping  dynamics  in 
the  tunnel  oxide  [2,3].  The  initial  decrease 
of  erased  VT  is  due  to  a  pile-up  of  positive 
charge,  which  enhances  tunnelling 
efficiency,  while  the  long  term  increase  is 


due  to  electron  trapping  and  to  the 
generation  of  negatively  charged  oxide 
defects. 

The  reduction  of  program  efficiency  after 
extended  p/e  cycling  was  well  explained  by 
S.  Yamada  et  al.  [4];  it  is  attributed  to 
electron  trapping  and  interface  state 
generation  at  the  drain  side  of  the  memory 
cell,  a  degradation  mechanism  which  is 
inherent  to  channel  hot  electron 
programming.  Interface  states  reduce 
electron  mean  free  path,  impacting  on  the 
hot  carrier  generation  mechanism,  and 
electrons  trapped  in  the  tunnel  oxide 
modify  the  electric  field  at  the  injection 
point,  reducing  the  programming  efficiency. 
A  reduction  of  the  cell  trasconductance  is 
also  observed  after  extended  p/e  cycling. 

In  a  flash  memory  device  the  VT  window 
closure  is  compensated  by  means  of  write 
and  verify  schemes.  The  result  of  a  write 
operation  is  checked  in  order  to  determine 
whether  or  not  the  target  VT  is  achieved,  so 
as  to  continue  programming  or  erasing  if 
this  is  not  the  case.  Erasing  and 


Figure  3.  Vj  window  versus  cycle  number 
under  constant  p/e  conditions. 
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programming  times  increase  with  the 
number  of  cycles,  as  is  shown  in  Figure  4, 
and  eventually  exceed  the  specification 
limits.  However,  a  properly  designed 
memory  cell  can  reach  1 05- 1 06  p/e  cycles 
with  acceptable  performance  degradation. 

Apart  from  more  sophisticated  failure 
mechanisms  like  the  ones  discussed  in 
Section  3,  single  bit  endurance  failures  can 
likely  be  caused  by  extrinsic  defects  in 
tunnel  oxide,  giving  rise  to  premature  oxide 
breakdown.  However,  the  extreme 
sensitivity  of  flash  memory  to  oxide  defects 
makes  it  possible  to  detect  cells  with  latent 
defects  at  wafer  sorting  by  means  of 
accelerating  stress  tests. 

2.2  Data  retention 

As  any  non-volatile  memory,  flash 
memories  are  specified  to  retain  data  for 
over  10  years.  The  tunnelling  current 
through  the  oxide  sets  the  fundamental 
limitation  to  data  retention.  The  number  of 
electrons  stored  in  the  floating  gate  of  a 
programmed  cell  is  of  the  order  of  104  and 
the  floating  gate  potential  in  storage 
condition  is  between  -1  and  -2  V.  Assuming 
that  the  charge  lost  in  10  years  should  be 
less  than  20%  of  the  initial  charge,  the 
leakage  current  limit  is  of  the  order  of  10'15 
A/cm2.  The  minimum  oxide  thickness  is 
determined  by  direct  tunnelling  of  electrons 
and  can  be  estimated  to  be  about  6  nm.  In 
section  4  it  will  be  shown  that  stress- 
induced  leakage  current  induced  by  p/e 
cycling  limits  the  tunnel  oxide  scaling  to  a 


Number  of  Cycles 

Figure  4.  Program  and  erase  times  versus 
the  number  of  cycles  for  a  512  kbit  array. 


value  well  above  6  nm. 

Another  possible  cause  of  charge  loss  is 
mobile  ion  contamination.  Scaling 
technology  and  cell  size,  the  demand  for 
high  quality  processes  is  becoming  more 
and  more  severe  because  of  the  reduction  of 
cell  capacitance  and  of  stored  charge. 
Figure  5  shows  a  projection  to  the  Gbit 
generation  of  stored  charge  and  of  the 
corresponding  maximum  acceptable 
concentration  of  mobile  ions  in  the 
insulating  layers  surrounding  the  memory 
cell. 

Defects  in  tunnel  oxide  or  in  interpoly 
dielectric  could  also  give  rise  to  excessive 
leakage  current.  However,  these  defects  are 
efficiently  screened  by  an  accelerated 
retention  test  at  250°C  at  wafer  sorting. 

A  detailed  discussion  of  data  loss 
mechanisms  and  process  solutions  is  out  of 
the  scope  of  this  presentation;  over  20 
years  of  work  on  EPROM  have  generated  a 
large  literature  on  the  subject  and  many 
reviews  are  available  (see  ref.  5). 

2.3.  Read  disturb 

When  a  cell  is  read,  a  gate  voltage  and  a 
drain  voltage  are  applied  to  the  selected 
row  and  column,  respectively.  This 
condition  can  cause  two  kind  of  read 
disturb  on  a  cell  in  the  erased  state. 

If  we  consider  the  cell  that  is  read,  an 
unwanted  programming  due  to  hot  electron 
injection  can  take  place,  if  the  drain 
voltage  is  not  low  enough.  For  a  short 
channel  length  and  a  high  channel  doping,  a 


Figure  5.  Trend  of  stored  charge  and 
maximum  allowable  mobile  ion  density. 
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significant  VT  shift  is  observed  even  if  the 
drain  voltage  is  well  below  the  energy 
barrier  for  electron  injection  at  the  Si/Si02 
interface,  as  it  is  shown  in  Figure  6. 

Moreover,  all  the  cells  on  the  selected 
row  are  subjected  to  a  low-voltage  gate 
stress,  which  can  induce  electron  tunnelling 
from  the  channel  into  the  floating  gate. 

Safety  margins  can  be  achieved  by  a 
proper  cell  and  circuit  designs,  mainly  in 
terms  of  oxide  thickness  and  applied  read 
voltages.  A  major  concern  arises  when 
considering  the  read  disturb  characteristics 
after  extended  p/e  cycling,  as  will  be 
discussed  in  Section  4. 


3.  ERRATIC  ERASE 

3.1.  The  over-erase  problem 
In  a  NOR-type  array  the  source  is  common 
to  all  the  cells  and  the  drain  of  the  cells  in 
a  column  is  connected  to  the  same  bit  line. 
When  reading,  the  gate  of  the  cells  that  are 
not  addressed  is  kept  at  ground  potential 
and  they  should  be  in  the  off  state  in  order 
to  enable  a  proper  sensing  of  the  addressed 
cell. 

Over-erasing  is  a  potential  cause  of 
failure  because  if  the  VT  of  a  cell  goes 
negative  all  the  cells  connected  to  the  same 
bit  line  would  be  read  as  ”1"  irrespective  of 
their  actual  content.  As  all  the  cells  in  an 
array  are  erased  simultaneously,  the  time 
required  to  erase  the  slowest  cell  may  be 


Figure  6.  Time  for  a  0.1  V  VT  shift  versus 
\IVD  for  a  0.18  pm  technology  flash  cell. 


long  enough  to  over-erase  the  fastest  cells. 
The  erase  algorithm  can  only  ensure  that 
erasing  is  stopped  as  soon  as  the  V j  of  all 
the  cells  is  below  a  prefixed  value,  but  it 
cannot  prevent  fast-erasing  cells  from  being 
over-erased. 

An  analysis  of  the  distribution  of 
threshold  voltage  after  electrical  erase 
(Figure  7)  shows  that  the  bulk  of  the 
distribution,  including  over  99%  of  cells,  is 
gaussian;  from  now  on  the  cells  owning  to 
the  gaussian  distribution  will  be  referred  to 
as  "normal"  cells.  The  left  side  of  the 
distribution  is  made  of  an  exponential  tail 
of  cells  that  erase  faster  than  the  average: 
these  cells  will  be  referred  to  as  "tail" 
cells. 

Understanding  the  nature  of  tail  cells  is 
of  key  importance.  As  these  cells  erase 
faster  than  normal  cells  with  the  same 
applied  voltage,  one  should  assume  that 
they  are  somehow  "defective".  However 
they  are  just  too  many  for  being  associated 
to  extrinsic  defects.  Two  intrinsic  structural 
imperfections  have  been  invoked  to  explain 
the  nature  of  tail  cells.  Muramatsu  and  co¬ 
workers  [6]  attributed  the  presence  of  a  tail 
in  the  erase  distribution  to  the 
polycrystalline  structure  of  the  injecting 
electrode.  Dunn  and  co-workers  [7]  have 
modelled  the  erasing  tail  as  purely  due  to 
randomly  distributed  positive  charges  in  the 
tunnel  oxide.  The  two  models  are  both 
probably  valid.  The  impact  of  polysilicon 
grain  size  on  erase  distribution  has  been 


Figure  7.  Experimental  VT  distribution  for 
a  1  Mbit  array  (circles)  and  gaussian  fit. 
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demonstrated,  but  oxide  charges  play  for 
sure  a  role  as  well.  Figure  8  shows  the  VT 
distributions  obtained  applying  a  positive 
voltage  to  the  gate  for  programming  and  a 
negative  voltage  to  the  gate  for  erasing: 
when  the  electrons  are  injected  from  the 
substrate  the  cathode  is  monocrystalline, 
but  the  tail  is  present  as  well. 

A  striking  observation  concerning  this 
experiment  is  that  cells  behaving  in  an 
anomalous  way  for  positive  gate  bias  do  not 
show  enhanced  conduction  for  negative  gate 
bias  and  vice  versa.  With  reference  to  the 
positive  charge  model,  we  need  to  assume 
that  the  charge  configuration  affecting  the 
electron  injection  from  one  interface  has  no 
effect  on  the  injection  from  the  other  one. 

As  the  exponential  tail  of  the  erase 
distribution  is  mostly  related  to  structural 
imperfections,  i.e.  intrinsic  defects,  it  can 
be  minimized  by  process  optimization  but  it 
cannot  be  eliminated.  However,  tail  cells 
are  as  reliable  as  normal  cells  for  what 
concern  data  retention  and  endurance. 

Normal  cells  and  tail  cells  do  not  cover 
the  totality  of  memory  cells.  Some  cells, 
less  than  one  per  million  in  a  "clean” 
process,  erase  much  faster  than  normal  cells 
and  they  stand  out  also  from  the  tail  of  the 
distribution.  The  physical  defects 
responsible  for  these  "fast-erasing"  cells 
are  likely  different  from  the  ones  of  tail 
cells  and  they  are  probably  due  to  extrinsic 
defects,  like,  for  instance,  a  local  tunnel 
oxide  thinning.  Moreover,  while  tail  cells 
exhibit  good  data  retention,  fast-erasing 


Figure  8.  Vj  distributions  obtained  by 
Fowler-Nordheim  program  and  erase. 


cells  often  show  an  enhanced  charge  loss  in 
data  retention  tests. 

The  over-erasing  problem  should  be 
solved  by  taking  into  account  the  erase 
distribution  in  designing  the  memory  and  by 
properly  screening  at  wafer  sort  the  fast 
erasing  cells  due  to  extrinsic  defects. 
Discussing  the  erratic  erasure  phenomenon, 
we  will  see  that  this,  unfortunately,  is  not 
enough. 

3.2.  The  erratic  erase  phenomenon 

One  of  the  most  relevant  mechanisms  of 
single-bit  failure  in  p/e  cycling  reported  so 
far  is  the  erratic  erase,  which  has  been 
presented  for  the  first  time  by  T.C.  Ong  et 
al.  [8]  and  further  investigated  by  C.  Dunn 
et  al.  [7],  Erratic  cells  show  an  unstable 
and  unpredictable  behavior  in  erasing:  their 
VT  changes  randomly  from  cycle  to  cycle 
between  two  or  more  distinct  values, 
moving  back  and  forth  from  the  bulk  of  the 
VT  distribution  to  the  lowest  part  of  the  tail. 
Erratic  cells  can  cause  over-erasing  failures 
in  the  field.  An  example  of  erratic  erase  is 
shown  in  Figure  9. 

Such  a  behavior  has  been  attributed  to 
hole  trapping  in  the  tunnel  oxide:  the 
statistical  distribution  of  hole  traps  gives 
an  extremely  low  but  finite  probability  of 
having  clusters  of  two  or  more  positive 
charges,  whose  electric  fields  overlap  each 
other  to  produce  a  huge  local  increase  of 
the  tunnel  current.  Trapping/detrapping  of 
an  individual  positive  charge  causes,  in  this 
condition,  a  detectable  change  in  erasing 


Figure  9.  Vt  after  erase  versus  the  cycle 
number  for  a  cell  exhibiting  erratic  erase. 
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speed.  The  model  has  been  confirmed  by 
tunnelling  current  calculations  [7,8];  the 
current  density  increase  caused  by  three 
elementary  positive  charges  can  be  up  to  5 
orders  of  magnitude,  depending  on  their 
distance  from  the  injecting  electrode.  An 
experimental  confirmation  of  the  described 
model  is  reported  in  Figure  10,  where  the 
erasing  curves,  i.e.  the  cell  Vj  versus 
erasing  time,  are  reported  for  an  erratic  cell 
measured  in  three  consecutive  p/e  cycles.  In 
cycle  3  it  behaves  as  a  normal  cell  and  at 
the  end  of  erasing  its  VT  reaches  a  value 
typical  of  the  bulk  of  the  erased 
distribution.  In  cycle  4  the  cell  starts 
erasing  as  in  the  previous  cycle,  then  the 
erase  rate  suddenly  increases  with  an 
evident  discontinuity,  implying  a  strong 
increase  of  the  tunnelling  current;  at  the 
end  of  this  cycle  the  cell  is  over-erased  and 
its  Vt  is  more  than  2  V  below  that  reached 
at  the  end  of  the  previous  cycle.  In  the  third 
cycle  the  cell  again  is  erased  at  a  very  fast 
rate. 

As  the  erratic  behavior  is  due  to 
statistical  fluctuations  of  intrinsic  oxide 
defects,  the  occurrence  of  erratic  cells  can 
be  reduced  by  process  optimization,  but 
cannot  be  completely  avoided.  Design 
solutions  have  been  developed  to  solve  the 
problem  at  the  circuit  level  by  introducing 
a  reprogramming  step  at  the  end  of  the 
erase  algorithm  to  recover  over-erased 
cells. 


Figure  10.  VT  of  an  erratic  cell  as  a 
function  of  the  erase  time  during  three 
consecutitive  cycles. 


4.  DATA  RETENTION  AFTER  CYCLING 

A  high-field  stress  on  thin  oxide  is 
known  to  increase  the  low-field  leakage 
level;  the  excess  current  component,  which 
causes  a  significant  deviation  of  current- 
voltage  characteristics  from  the  theoretical 
tunnelling  conduction  at  low  field,  is  known 
as  stress-induced  leakage  current  (SILC). 
SILC  is  clearly  related  to  stress-induced 
oxide  defects  and,  as  far  as  conduction 
mechanism,  it  is  attributed  to  trap-assisted 
tunnelling  [9,10].  For  fixed  stress 
conditions  the  SILC  increases  strongly  with 
decreasing  oxide  thickness  below  10  nm. 

The  SILC  can  be  observed  in  a  flash  cell 
as  an  enhanced  sensitivity  to  low-voltage 
gate  stress  after  p/e  cycling.  The  major 
concern  does  not  come  from  a  normal  cell 
but  from  the  tail  of  the  distribution,  as  is 
shown  in  Figure  11,  where  the  effects  of  a 
low-voltage  gate  stress  (8  V  for  64  hrs)  on 
a  1  Mbit  array  before  and  after  cycling  are 
compared.  The  different  magnitude  of  the 
VT  shift  for  different  cells  may  be  explained 
again  by  the  random  spatial  distribution  of 
oxide  traps  responsible  of  the  tunnelling 
current  enhancement. 

The  impact  of  SILC  on  read  disturb  and 
data  retention  is  strongly  dependent  on 
tunnel  oxide  thickness.  For  very  thin  tunnel 
oxide  (below  8  nm),  SILC  is  not  negligible 
even  at  electric  field  values  as  low  as  the 
ones  typical  of  reading  or  data  storage 


Figure  11.  Effect  of  a  gate  stress  on  a 
virgin  sample  and  after  105  cycles.  The  VT 
distribution  before  stress  is  also  shown. 
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conditions  [11]. 

From  SILC  data  obtained  on  capacitors, 
E.F.  Runnion  et  al.  [10]  have  shown  that 
the  leakage  current  of  tunnel  oxides  in  the 
5-8  nm  range  after  a  stress  equivalent  to 
105  cycles  largely  exceeds  the  requirements 
for  10  year  data  retention.  S.  Yamada  et  al. 
[12]  have  shown  that  on  a  memory  device 
the  situation  can  be  worse  because  of  single 
cells  that  exhibit  a  much  higher,  anomalous, 
SILC. 

For  setting  the  minimum  reliable 
thickness  of  tunnel  oxide,  we  cannot  refer 
to  the  typical  cell  but  we  must  give  margin 
for  the  tail  of  the  distribution.  Figure  12 
shows  the  results  of  a  room  temperature 
retention  test  on  a  1  Mbit  array  with  an  8- 
nm  thick  tunnel  oxide  after  105  p/e  cycles: 
while  almost  the  totality  of  the  array  does 
not  present  any  detectable  threshold  shift, 
there  is  a  tail  of  cell  that  lose  charge.  For 
increasing  oxide  thickness,  in  the  range 
from  8  to  10  nm,  both  the  number  of  bits  in 
the  tail  and  the  maximum  shift  decrease. 
The  Vt  tail  is  no  more  observed  for  oxides 
thicker  than  about  10  nm,  even  if  the 
retention  test  is  prolonged  to  the  year  time 
scale.  In  Figure  13  it  is  shown  the  result  of 
a  test  similar  to  that  of  Figure  12,  but  with 
an  oxide  thickness  of  9  nm:  after  250  days 
only  very  few  cells  have  a  Vt  below  the 
bulk  of  the  distribution. 

Retention  tests  performed  at  different 
temperatures  indicate  that  the  defect 
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Figure  12.  VT  distribution  at  different 
room  temperature  storage  times  after  105 
cycles  for  an  8-nm  thick  oxide. 


responsible  of  the  charge  loss  is  annealed 
or  neutralized  in  a  short  time  for 
temperatures  higher  than  150°C.  In  this 
case  the  tail  of  the  VT  distribution  is  no 
more  observed  and  the  uniform  VT  shift  is 
only  slightly  larger  than  that  observed  on 
virgin  samples.  Even  at  room  temperature 
we  observed  some  leaky  cells  that  suddenly 
stop  to  lose  charge,  a  behavior  similar  to 
the  erratic  bit  phenomenon.  Several 
examples  of  erratic  behavior  of  the 
anomalous  SILC  in  flash  cells  are  reported 
in  the  literature  [12,13]. 

An  experimental  evidence  of  the  role 
played  by  trapped  holes  in  the  anomalous 
SILC  phenomenon  is  given  by  a  set  of 
experiments  where  similar  samples  were 
cycled  using  different  erase  conditions:  the 
gate  and  source  bias  were  adjusted  in  order 
to  have  the  same  erase  speed,  and  thus  the 
same  electric  field  in  the  tunnel  oxide,  but 
with  increasing  source  voltage. 

The  subsequent  retention  test  showed  that 
samples  cycled  with  high  source  voltage  are 
more  affected  by  SILC,  in  agreement  with 
an  increased  hot  hole  generation  and 
injection  at  the  source  junction  [14]. 

A  proper  cell  structure  and  erase 
condition  optimization  allows  to  reduce  the 
SILC  for  a  fixed  number  of  p/e  cycles  and 
oxide  thickness.  Moreover,  at  the  device 
level,  the  VT  window  and  the  reading 
condition  can  be  chosen  in  order  to 
minimize  the  electric  field  in  the  tunnel 
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Figure  13.  Vt  distribution  after  250  days 
at  room  temperature  for  an  array  with  a  9- 
nm  thick  oxide  cycled  105  times. 
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oxide  during  storage  and  reading.  However, 
tunnel  oxide  scaling  below  10  nm  will  be 
probably  possible  only  in  combination  with 
error  correction  techniques  at  the  device  or 
system  level. 

5.  CONCLUSION 

The  success  of  flash  memories  in  the 
semiconductor  market  has  grown  together 
with  the  understanding  of  their  reliability 
issues.  Now,  flash  memory  is  widely 
accepted  as  an  established  and  reliable 
technology. 

Intrinsic  degradation  mechanisms, 
responsible  for  the  wear-out  of  device 
performances  in  p/e  cycling,  are  fairly  well 
dominated;  through  a  proper  optimization 
of  cell  architecture,  their  impact  can  be 
minimized  to  push  the  endurance  limit  into 
the  105-106  range.  Much  more  critical  are 
single-bit  failures  induced  by  p/e  cycling.  A 
quite  tricky  failure  mechanism  such  as  the 
erratic  erase  has  been  identified  and 
solutions  have  been  addressed  both  at 
process  and  at  circuit  level.  Data  retention 
after  cycling  is  the  issue  that  definitely 
limits  the  tunnel  oxide  thickness  scaling. 
For  oxides  thinner  than  8  nm  the  number  of 
leaky  cells  becomes  so  large  that  even  an 
error  correction  technique  can  hardly  fix 
the  problem. 
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The  threshold  voltage  loss  of  erased  FLOTOX  EEPROM  cells  with  various  ONO  interpoly  dielectric  layers  has 
been  studied  as  a  function  of  bake  time  and  programming  pulse  amplitude.  The  results  show  a  displacement  of 
electrons  injected  into  the  nitride  layer  to  be  the  root  cause  of  the  threshold  voltage  lowering.  A  quantitative 
model  has  been  used  for  optimizing  the  cell  layer  construction  as  well  as  the  cell  operating  conditions  with 
respect  to  a  minimized  programming  voltage  at  a  maximum  data  retention. 


Introduction 

One  of  the  major  issues  in  EEPROM  and  Flash 
development  is  a  thorough  understanding  of  the 
mechanisms  of  threshold  voltage  shifts  during  cell 
lifetime.  Commonly  discussed  models  assume  back- 
tunneling  of  electrons  from  the  floating  gate  through 
the  tunnel  oxide  as  the  main  reason  for  loss  of 
threshold  voltage[l].  In  contrast  to  these  back 
tunneling  models  our  results  propose  charge 
trapping  in  the  interpoly  dielectric  to  be  the  root 
cause  of  decreasing  threshold  voltage  observed  in 
our  experiments.  A  detailed  understanding  of  this 
phenomenon  allows  to  optimize  the  operation 
conditions  of  EEPROM  and  Flash  cells  as  well  as 
the  composition  of  the  ONO  interpoly  dielectric 
necessary  for  scaling  minimum  feature  sizes  down 
to  0.25pm  and  below. 

Experiments 

For  characterization  we  use  FLOTOX  EEPROM 
cells  (Fig.  1)  with  different  layer  thicknesses  of  the 
bottom  oxide  and  the  nitride  of  the  ONO  interpoly 
dielectrics.  In  our  experiments  we  measure  (a)  the 
threshold  voltage  (VTh)  as  a  function  of  bake  time  at 
fixed  250°C  bake  temperature  (b)  the  drain  current 
at  a  fixed  gate  voltage  as  a  function  of  time  after 
applying  erase  pulses  with  amplitudes  up  to  30V. 

Results 

The  results  of  measuring  the  threshold  voltage  as 
function  of  bake  time  are:  (1)  The  cells  erased  with  a 
pulse  amplitude  of  17V  show  a  much  stronger  loss 
in  threshold  voltage  than  those  erased  with  14V.  (2) 
We  do  not  reach  a  unique  threshold  voltage  level 
after  programming/erasing  with  different  pulse 
amplitudes  of  14V  and  17V  even  after  bake  times  of 


more  than  100  hours  at  250°C  (Fig.  2).  (3)  The 
thicknesses  of  the  bottom  oxide  and  the  nitride  layer 
(not  shown)  of  the  ONO  layer  strongly  influences 
the  lowering  of  the  threshold  voltage  (Fig.  3).  From 
additional  experiments  varying  the  bake  temperature 
we  know  that  the  VTH  loss  is  strongly  temperature 
dependent[2]. 

The  second  type  of  experiments  is  using  high 
programming  pulse  amplitudes  up  to  30V  with  the 
aim  to  have  variable  and  high  electric  fields 
accelerating  the  threshold  voltage  loss.  Since  the 
control  gate  voltage  during  threshold  voltage 
measurement  affects  the  result  by  an  undefined 
electric  field  across  the  ONO  we  use  a  non-standard 
method  monitoring  the  drain  current  as  a  function  of 
time  at  fixed  control  gate  voltage  (Fig.  4).  From  this 
measurement  we  can  obtain  two  results:  (1)  the  drain 
current  at  a  constant  gate  voltage  increases  in 
magnitudes  within  a  few  hundred  seconds.  (2)  We 
see  a  decrease  of  VXH  as  described  in  the  following: 
The  cell  programmed  with  16V  has  a  threshold 
voltage  far  below  7.25V  therefore  the  channel  is 
fully  conductive  at  VCG  =  7.25V.  For  higher 
programming  amplitudes  VTH  rises  and  as  a 
consequence  the  drain  current  decreases.  From  VPP  * 
20V  on  VTH  decreases  again.  By  observing  the  drain 
current  at  fixed  times  we  can  deduce  a  threshold 
voltage  as  a  function  of  pulse  amplitude.  It  shows  a 
time  and  pulse  amplitude  dependent  decrease  of 
threshold  voltage  above  16V  pulse  amplitude 
voltage  (Fig.  5). 

We  also  have  repeated  the  drain  current  monitoring 
with  different  gate  voltages.  As  a  result  we  see  that  a 
higher  electric  field  across  the  ONO  does  not  slow 
down  the  temporal  increase  of  the  cell  drain  current 
as  it  would  be  for  back  tunneling.  If  we  extrapolate 
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the  7.25V  current-time  characteristic  into  the  same 
time  slot  as  the  6.25V  cell  we  see  the  same  rate.  The 
fact  that  the  drain  current  is  about  7.5  magnitudes 
higher  is  just  due  to  the  difference  in  gate  voltage  of 
lV(Fig  6).  We  can  also  accelerate  the  current 
change  rate  by  elevating  the  temperature(Fig.  7). 
This  disproves  Fowler-Nordheim  backtunneling  as 
the  reason  of  the  VTH  loss. 

The  results  of  both  types  of  experiment  are 
consistent  in  a  sense  that  elevated  temperature  as 
well  as  enhanced  electric  field  across  the  ONO 
accelerates  VTH  loss.  Accordingly  we  are  observing 
the  same  mechanism  in  both  cases.  We  note  that  the 
programming  pulse  experiment  is  working  with 
pulse  amplitudes  far  beyond  the  usual  operating 
conditions  of  the  cell,  however  it  allows  a  much 
faster  characterization  of  the  dominant  origin  of 
threshold  voltage  loss  than  bake  experiments  do. 

Discussion  and  conclusion 

Commonly  discussed  models  of  the  VXH  loss  of 
unstressed  cells  are  based  on  back  tunneling  of 
electrons  from  the  floating  gate  through  the  tunnel 
oxide.  In  contradiction  to  these  back  tunneling 
models,  our  temperature  and  electrical  field 
dependent  results  indicate  charge  trapping  in  the 
ONO  to  be  the  key  mechanism  of  VTH  loss[3].  Fig.  8 
illustrates  the  electron  injection  into  the  nitride:  in 
the  capacitive  region  (I)  VFG  follows  VPP  with  the 
cell  capacitive  coupling  ratio  a  as  proportionality 
factor  and  causes  a  voltage  drop  across  the  ONO 
V0N0.  In  region  (II)  Fowler-Nordheim-tunneling  gets 
in  and  fixes  VFG  at  a  certain  level  and  as  a 
consequence  the  floating  gate  starts  to  charge  and 
VON0  raises  faster.  From  a  critical  programming 
voltage  VCRIT  on  we  additionally  inject  electrons 
through  the  bottom  oxide  into  the  nitride  of  the 
interpoly  dielectric  (III),  hence  the  cell  charge  splits 
into  Qqno  and  QFG.  This  results  in  a  reduced  increase 
of  the  floating  gate  charge  from  this  pulse  amplitude 
on. 

As  soon  as  QONo  starts  t0  displace  towards  the  top 
oxide  under  the  influence  of  electric  fields  and 
temperature,  its  contribution  to  VTH  will  decrease 
and  lead  to  threshold  voltage  loss  (Fig.  9). 

This  critical  programming  voltage  for  charge 
injection  into  the  ONO  mainly  depends  on  bottom 
oxide  thickness  and  capacitive  coupling  ratio  of  the 
cell.  It  also  defines  the  optimum  cell  operating 
condition:  All  tunneled  electrons  should  be  kept  on 


the  floating  gate  at  a  maximum  possible  charge  of 
the  floating  gate.  Based  on  this  model  an  optimum 
design  of  layer  thicknesses  and  operating  conditions 
has  been  specified  and  implemented  (Fig.  10). 
Starting  from  a  common  VTH  before  bake  we  have  a 
negligible  VTH  -  loss  for  the  optimized  cell  while  we 
observe  a  VTH  -  loss  for  the  reference  cell.  The 
optimum  cell  design  is  defined  by  proper  choice  of 
bottom  oxide,  nitride  and  tunnel  oxide  thickness  as 
well  as  the  cell  layout. 
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Fig.  1  Schematic  cross  section  of  FLOTOX- 
EEPROM-cell. 
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Fig.  2  Decrease  of  cell  threshold  voltage  VTH  as  a 
function  of  bake  time  at  250°C  for  erase  voltages  of 
14V  and  17V  applied  to  control  gate. 


Fig.  4  Drain  current  of  memory  transistor  as  a  function 
of  time  for  various  programming  pulse  amplitudes  at 
fixed  control  gate  voltage  of  7.25V. 


Time  [s] 

Fig.  6  Drain  current  of  memory  transistor  as  a  function 
of  time  for  control  gate  voltages  of  6.25V  and  7.25V 
after  a  programming  pulse  of  30V.  VCG  =  7.25V 
corresponds  to  a  larger  electrical  field  across  the  ONO 
and  a  reduced  field  across  the  tunnel  window. 


Fig.  3  Decrease  of  threshold  voltage  VTH  as  a 
function  of  bake  time  for  oxides  thicknesses  of  5nm 
and  6nm.  Programming  voltage  amplitude  is  17V  on 
control  gate 


Fig.  5  Threshold  voltage  as  a  function  of 
programming  pulse  amplitude  and  time  at  a  fixed 
VCG  =  7.25V.  This  function  is  calculated  from  the 
drain  current  (Fig.  4) 


Fig.  7  Drain  current  of  the  cell  as  a  function  of  time 
for  temperatures  of  20°C  and  200°C  after  a 
programming  pulse  of  30V.  At  a  fixed  VCG  =  7V. 
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Fig.  8  Schematic  behavior  of  the  floating  gate  potential 
VFG  as  a  function  of  the  programming  pulse  amplitude 
VPP. 
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Fig.  9  Injection  and  displacement  of  electrons 
through  the  ONO  interpoly  dielectric,  a)  Fowler- 
Nordheim-tunneling  through  the  bottom  oxide  b) 
beginning  of  electron  movment  by  Poole-Frenkel- 
hopping  during  the  bake  c)  final  position  of  the 
electrons  -  the  VTH  loss  stops 


Fig.  10  Threshold  voltage  loss  of  optimized  and 
nonoptimized  (reference)  cell. 
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In  this  paper  the  DC-SILC  characteristics  of  n+  and  p+  poly-Si  and  poly-SiGe  MOS  capacitors  are  studied 
for  substrate(-fVfl)  and  gate-injection  (-Vs)  conditions.  P+  and  n+-gates  with  poly  silicon  (poly-Si)  and  poly 
Silicon-Germanium  (poly  Si-o.7Geo.3)  were  used  to  study  the  influence  of  the  gate  workfunction  on  gate  current 
and  SILC  currents.  For  n+  poly-SiGe,  reduced  poly  depletion  and  no  significant  difference  in  SILC  characteristics 
compared  to  n+  poly-Si  gate  devices  is  observed.  For  p+  gate  devices  asymmetric  SILC  and  reduced  SILC  for 
poly-SiGe  is  observed. 


1.  Introduction 

Stress  Induced  Leakage  Current  (SILC)  limits 
the  scaling  of  the  gate  oxide  thickness  for  non¬ 
volatile  memories.  SILC  was  studied  mainly  for 
n-doped  poly  silicon  (poly-Si)  gate  material  up  till 
now  [1,2].  Recently,  for  p+-gate  devices  a  differ¬ 
ent  conduction  mechanism  under  gate  injection 
conditions  (-V5)  [3-5],  asymmetric  SILC  (gate 
bias  polarity)  and  reduced  SILC  for  p+  poly- 
Sio.7Ge0.3  was  observed  [5].  However,  the  impact 
of  poly-Sii-sGe*  on  the  SILC  characteristics  of 
n+-gate  devices  has  not  been  studied  yet.  In  this 
paper  the  DC-SILC  characteristics  of  n+  and  p+ 
poly-Si  and  poly-SiGe  MOS  capacitors  are  stud¬ 
ied  for  substrate(+V5)  and  gate-injection(-Vp) 
conditions  and  a  detailed  comparison  is  made. 

2.  Experimental  Procedures 

PMOS  and  NMOS  capacitors  were  fabricated 
on  10  Q-cm  n-type  and  p-type  silicon  substrates, 
respectively.  A  high  quality  gate  oxide  with  5.6 
nm  thickness  (ellipsometric)  was  grown  in  di¬ 
luted  dry  oxygen.  Undoped  poly-Si  and  poly- 
Sio.7Geo.3  layers  (200  nm  thick)  were  deposited 
using  a  LPCVD  system.  Gate  doping  was  done 
by  a  20  keV,  2.5- 1015  cm"2  BFj  or  40  keV, 
5.0T015  cm"2  As+  implant  followed  by  an  an¬ 
neal  at  850°  C  for  30  minutes  (p+-gate)  or  a 
rapid  thermal  anneal  (RTA)  at  1000° C  for  20  sec¬ 
onds  in  N2  ambient  (n+-gate).  Electrical  stress 


has  been  applied  on  A=4.0*10"4  cm"2  (p+-gate) 
and  A=3.53-10"3  cm"2  (n+-gate)  MOS  capaci¬ 
tors  using  constant  current  stress  conditions  of 
J«trc«a=d:0.1  mA/cm2.  DC-SILC  was  measured 
in  a  similar  way  as  in  [1].  The  oxide  electric  field 
was  determined  by  integration  of  the  quasi-static 
capacitance- voltage  curves  as  in  [5]. 

3.  Experimental  results 

Quasi-Static  C-V  curves  for  capacitors  with 
p+-poly  Si  and  poly-SiGe  gate  are  shown  in 
Fig.  1.  A  shift  of  the  flatband  voltage  from  0.82V 
(poly-Si)  to  0.60V  (poly-SiGe)  agrees  well  with 
previous  data  [3,6].  It  is  caused  by  a  shift  in  va¬ 
lence  band  position  [6].  Note  that  the  gate  deple¬ 
tion  is  acceptable  for  both  devices.  Fig.  2  shows 
the  C-V  curves  for  capacitors  with  n+-poly  Si  and 
poly-SiGe  gate  material.  Note  that  since  for  n+ 
gate  devices  the  workfunction  difference  is  negligi¬ 
ble  between  poly-Si  and  poly-SiGe,  the  flatband 
voltage  is  the  same  (-0.98V).  Also  it  is  evident 
that  the  gate  depletion  of  the  poly-SiGe  devices 
is  significantly  reduced  compared  to  the  poly-Si 
reference  devices,  as  was  also  found  in  [7]. 

Fig.  3  shows  the  J-Eox  characteristics  of  un¬ 
stressed  poly-Si  and  poly-SiGe  capacitors  for 
substrate-  (+Vfl)  and  gate-injection  (-Vp)  con¬ 
ditions.  For  n+-gate  devices  the  J-Eoa:  charac¬ 
teristics  are  symmetric  with  -Vfl  and  +Yg  injec¬ 
tion  conditions.  However,  for  p+-gate  devices, 
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Gate  Voltage  [V] 


Gate  Voltage  [V] 


Figure  1.  Quasi-static  C-V  curves  for  p+-poly  Si 
and  p+-  poly  SiGe  MOS  capacitors.  Dashed  line 
poly-SiGe,  solid  line  poly-Si. 


Figure  2.  Quasi-static  C-V  curves  for  n+-poly  Si 
and  n+-  poly  SiGe  MOS  capacitors.  Dashed  line 
poly-SiGe,  solid  line  poly-Si. 


the  onset  of  conduction  for  -V 9  occurs  at  signifi¬ 
cantly  higher  oxide  field  («1.5x)  than  for  H-Vp 
condition.  Note  the  difference  for  p+-gate  de¬ 
vices  between  poly-Si  and  poly-SiGe  at  -Vg.  For 
+V5  the  J-Eoa:  curve  can  be  fitted  with  the  stan¬ 
dard  Fowler-N or dheim  (FN)  expression  with  bar¬ 
rier  height  of  3.2  eV.  For  -V9  a  fit  with  a  FN  ex¬ 
pression  for  p+-gate  devices  can  not  be  obtained, 
unless  unphysical  fit  parameters  are  used.  The 
gate,  substrate  and  diode  currents  measured  on 
gate-controlled  diodes  are  shown  in  Fig.  4. 

For  -Vg  conditions  the  substrate  and  diode  cur¬ 
rents  are  larger  than  the  gate  current  (right  axis 
Fig  4,  l8ub  >  2x  I  gate)-  The  larger  substrate  cur¬ 
rent  indicates  that  an  avalanche  process  is  taking 
place.  This  is  not  expected  when  hole  tunneling 
from  the  substrate  dominates  the  gate  current.  It 
appears  that  gate  current  at  -V g  for  p+  gate  de¬ 
vices  is  caused  by  electron  injection  from  the  gate. 
There  are  two  possible  mechanisms  for  electron 
injection  from  the  gate.  Firstly,  tunneling  of  mi¬ 
nority  carriers  (MCT)  from  the  conduction  band 
could  occur  for  low  active  gate  doping,  since  gate 
depletion  increases  the  electron  surface  concen¬ 
tration.  A  second  possibility  is  valence  band  tun¬ 
neling  (VBT).  Gate  currents  are  either  influenced 
by  the  workfunction  for  valence  band  tunneling  or 


the  bandgap  of  the  gate  material  for  MCT  mecha¬ 
nism.  This  will  influence  the  SILC  characteristics, 
stress  experiments  are  discussed  below. 

In  Fig.  5  the  J-E0x  characteristics  of  n+  poly- 
Si  and  poly-SiGe  gate  devices  are  shown  for  -V g 
and  +VP  after  various  stress  intervals.  From  this 
it  can  be  observed  that  no  significant  difference 
between  n-**  poly-Si  and  poly-SiGe  gate  devices 
is  observed  for  +Vg  and  -Vs  injection  conditions. 
Both  SILC  currents  can  be  described  well  by  a  FN 
expression  with  an  effective  barrier  of  0.9  eV  [1,2]. 

In  Fig.  6  the  J-Eox  characteristics  of  p+  poly-Si 
and  poly-SiGe  gate  devices  are  shown  after  var¬ 
ious  stress  intervals.  For  -V g  injection  the  SILC 
becomes  apparent  at  much  higher  E 0XJ  further¬ 
more  the  field  dependence  is  different  from  that 
at  +Vg.  At  comparable  oxide  field  the  SILC  is 
orders  of  magnitude  smaller  for  -V g  stress  than 
for  +V5  stress.  Hence  there  is  a  strong  asym¬ 
metry  of  the  SILC  currents  for  p+  gate  devices 
with  stress  polarity.  This  is  different  from  n+- 
poly  gate  devices  where  SILC  is  almost  symmetric 
with  gate  polarity.  For  +VP  the  SILC  current  af¬ 
ter  stress  follows  a  FN  dependence  with  effective 
barrier  height  of  0.9  eV,  which  is  similar  to  the 
n+-poly  devices.  For  gate  injection  SILC  can  not 
be  described  by  an  FN  expression  with  fixed  bar- 
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Figure  3.  J-Eoa;  measurements  of  unstressed  poly- 
Si  and  poly-SiGe  gate  MOS  capacitors.  Dashed 
line  poly-SiGe,  solid  line  poly-Si. 


rier  height,  variations  in  shape  occur  with  stress 
time.  An  (unphysical)  FN  fit  of  the  SILC  current 
results  in  a  barrier  height  around  2  eV  indicating 
a  much  stronger  field  dependence.  It  has  been 
observed  that  SILC  is  proportional  to  the  neu¬ 
tral  trap  density  created  during  stress  [1,2]  and 
models  based  on  inelastic  trap-assisted-tunneling 
(TAT)  are  used  to  describe  SILC  [8].  The  ob¬ 
served  bias  asymmetry  in  SILC  for  p+-gate  de¬ 
vices  could  be  related  to  a  larger  tunneling  barrier 
height  for  TAT  or  different  position  of  the  traps 
for  -Vp  stress  conditions.  For  +Vp  conditions  the 
SILC  current  for  p4*  poly-SiGe  gates  is  strongly 
reduced  compared  to  the  p+  poly-Si  reference  de¬ 
vices.  The  reduced  SILC  of  poly-SiGe  devices 
for  +Vp  stress  could  be  the  result  of  a  reduced 
Boron  incorporation  in  the  gate  oxide.  A  larger 
solid  solubility  and  smaller  diffusivety  of  Boron 
in  poly-SiGe  lead  to  a  reduced  incorporation  of 
Boron  in  the  dielectric  [3].  Hence  a  lower  neu¬ 
tral  trap  density  and  reduced  SILC  for  poly-SiGe 
gates  is  expected  [1,2,9]. 

4.  Conclusions 

In  summary,  the  DC-SILC  characteristics  of 
n+  and  p+  poly-Si  and  poly-SiGe  MOS  capaci¬ 
tors  were  studied  under  substrate(H-Vp)  and  gate- 


Gate  Voltage  [V] 


Figure  4.  Gate,  substrate  and  diode  currents  of 
p+-poly  Si  gate-controlled  diodes  with  7nm  oxide 
thickness  as  a  function  of  gate  voltage. 


injection  (-Vp)  conditions.  For  n+  poly-SiGe  no 
significant  difference  in  SILC  characteristics  com¬ 
pared  to  n+  poly-Si  is  observed.  For  p+  gate 
devices,  both  the  workfunction  of  the  gate  ma¬ 
terial  and  Boron  penetration  into  the  gate  oxide 
strongly  influence  the  SILC  effect.  Boron-doped 
poly-SiGe  may  be  a  very  interesting  gate  mate¬ 
rial  due  to  low  SILC  at  H-Vp  and  better  gate  oxide 
quality. 
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Abstract:  Stress-Induced-Leakage-Current  (SILC)  in  sub-half-micron  technology  embedded 
EEPROM  has  been  extensively  studied  by  performing  gate  stress  measurements  on  pre-conditioned 
EEPROM  arrays.  This  paper  reports  that  the  SILC  path  is  very  localized;  the  SILC  path  can  be  turned 
“on”  and  “off’  statistically  independent  on  the  electrical  field,  as  shown  by  the  experiments;  the  SILC 
caused  Vt  shift  can  be  fitted  into  a  power-law  against  the  number  of  programming/erase  cycles;  the 
measured  current- voltage  characteristics  of  SILC  can  be  well  described  with  Poole-Frenkel  model;  and 
EEPROM  retention  time  prediction  can  be  made  by  extrapolating  the  gate  stress  data  with  fitted  Poole- 
Frenkel  parameters. 
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1.  Introduction 


It  has  been  widely  recognized  that  stress  induced 
leakage  current  (SILC)  is  now  a  major  limiting  factor 
for  down  scaling  the  tunnel  oxide  thickness  in  non¬ 
volatile  memories[l].  However,  it  is  not  clear  yet  how 
much  SILC  can  be  tolerated  without  jeopardizing  the 
product  data  retention.  Recently,  it  has  been  reported 
that  SILC  path  is  very  localized  [2]  and  measurements 
on  capacitors  only  reveal  the  average  current  density. 
Measurement  on  large  number  of  non-volatile 
memory  cells  gives  more  information  about  extreme 
SILC  bits,  which  can  be  much  larger  than  the  average 
value  as  obtained  from  capacitor  measurements.  It  is 
these  extreme  SILC  bits  which  determines  the  NVM 
product  retention  time. 


Injector 


HV 

Pwell 


Fig.  1  A  Schematic  cross-section  of  the  EEPROM 
cell  used  in  this  experiment 


After  series  of  experiments  carried  out  on  large 
EEPROM  array  structures,  it  has  been  experimentally 
observed  that  SILC  has  a  strong  statistical  behavior, 
the  leakage  path  can  be  “switched”  on  and  off 
randomly  from  time  to  time.  For  the  SILC  cells  in  the 
“on”  state,  it  has  been  found  that  Poole-Frenkel  model 


fits  the  experimental  data  and  can  be  easily  applied  to 
predict  product  retention  time  caused  by  SILC  in  a 
realistic  way.  In  this  paper,  experimental  results  on  a 
large  number  of  EEPROM  cells  are  reported  over  the 
SILC  dependence  on  tunnel  oxide  thickness  and  stress 
levels.  Data  retention  time  predictions  for  the  worst 
case  cells  are  also  reported  based  on  extrapolation  of 
the  Poole-Frenkel  model  fit. 

2.  EXPERIMENTAL 

256x256  EEPROM  cell  arrays  fully  embedded  in  a 
0.3 5um  CMOS  process  [3]  have  been  employed  for 
studying  their  SILC  behavior.  Figure  1  shows  a 
schematic  cross  section  of  the  cell.  During  erase,  a 
pulse  is  applied  to  the  control  gate,  and  electrons 
tunnel  from  injector  region  to  the  floating  gate. 
During  programming,  a  pulse  is  applied  to  the  drain 
via  the  access  gate  to  the  injector  and  electrons  are 
pulled  out  of  the  floating  gate.  These  cell  arrays  were 
pre-stressed  up  to  1  million  erase/program  cycles,  and 
gate  stress  measurements  have  been  carried  out  at 
several  stress  levels  (2V,  3V  and  5V)  for  tunnel  oxide 
thickness  splits  ranging  from  7.3nm  to  8.3nm.  The 
SILC  current  versus  electrical  field  relation  was 
extracted  from  the  gate  stress  results  and  fitted  to 
single  trap-assisted  tunneling  (TAT)  [4],  Poole- 
Frenkel  (PF)  [5]  and  Fowler-Nordheim  (FN)  [5] 
.models.  The  distribution  of  these  SILC  bits  has  been 
determined  directly  from  the  measurements.  The 
fitted  parameters  for  some  of  the  worst-case  cells  have 
been  used  to  perform  retention  time  predictions  for 
products  with  a  certain  memory  size  without 
redundancy.  Such  data  is  important  for  the  choice  of 
effective  error  correction  scheme. 
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3.1.  Cell  Vt  evolution  under  gate  stress 

Figure  2  shows  a  typical  Vt  envelope  evolution  of 
65536  EEPROM  cells  in  an  array  under  gate  stress. 
The  gate  stress  condition  in  this  case  was  3V,  the 
EEPROM  array  has  seen  1  million 
erase/programming  cycles  before  this  gate  stress 
measurement.  From  the  big  difference  between  the 
maximum  value  and  median  value,  it  can  be  seen 
there  is  a  big  difference  between  the  average  SILC 
cells  (median)  and  the  extreme  SILC  cells 
(Maximum). 
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Figure  2.  A  typical  Vt  envelope  evolution  of  65536 
cells  under  gate  stress. 

3.2.  The  SILC  dependence  on  the  number  of 
erase/program  cycles 

Figure  3  shows  a  typical  median  Vt  (of  65536 
cells)  shift  as  a  function  of  pre-cycle  numbers.  The 
cells  had  a  tunnel  oxide  thickness  of  73A.  This  data 
can  be  easily  fitted  with  a  power  law.  For  worst  case 
bits  and/or  samples  with  other  tunnel  oxide  thickness, 
the  same  method  can  be  applied,  but  the  fit  parameters 
become  different. 


Pre-stress  condition  (E/P  cycles) 

Fig.  3.  Vt  shift  after  10k  seconds  gate  stress  at  3  V  for  a 
typical  cell  (median  cell  in  an  array)  as  a  function  of 
number  of  erase/programming  cycles . 


Gate  stress  time  (Seconds ) 

Figure  4.  The  higher  the  number  of  pre¬ 
erase/programming  cycles,  the  faster  the  worst  case 
cell  Vt  (maximum  of  65536  cells)  changes.  Shown  in 
graph,  the  maximum  cell  Vt  under  3V  gate  stress  after 
1,  100,  10K,  100K  and  1M  erase/programming  cycles. 

As  for  the  worst  case  cell  in  65536  cells,  a  similar 
relation  can  be  obtained  in  principle.  However,  as 
shown  in  figure  4,  there  is  a  very  wide  range  of  Vt 
shift  which  strongly  depends  both  on  the  number  of 
pre-cycling  and  on  the  stress  time.  It  is  difficult  to  set 
a  common  criterion  on  time  scale  because  of 
measurement  range  and  resolution  limit. 


Figure  5.  Poole-Frenkel  and  single  Trap-assisted - 
tunelling  models  fit  better  to  the  measured  data  than 
Fowler-Nordheim  model. 


3.3  The  electrical  field  dependence  of  SILC 
current  density 

In  figure  5,  the  SILC  current  density  as  a  function 
of  the  tunnel  oxide  electrical  field  as  extracted  from 
gate  stress  data  (worst  case  cell,  Tox=78A,  after 
100E/P  cycles)  is  plotted  on  a  Fowler-Nordheim  plot. 
The  SILC  current  has  been  calculated  from  the  cell  Vt 
shift  during  a  certain  time  interval.  The  electrical  field 
across  the  tunnel  oxide  has  been  determined  from  the 
cell  Vt  value  and  the  applied  gate  stress  voltage.  This 
method  has  been  widely  used  in  literature  [6]. 
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Equations  1  and  2  are  the  basic  equations  needed  for 
such  data  extraction.  Here,  QFG  is  the  floating  gate 
charge,  the  CPP  is  the  capacitance  between  floating 
gate  and  control  gate,  CFG  is  the  total  capacitance  seen 
from  the  floating  gate,  the  Vt  is  the  threshold 
voltage  shift  within  period  t,  and  ATUN  and  XTUN  are 
the  tunnel  window  area  and  thickness. 
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measured  data.  For  the  clearness,  the  Poole-Frenkel 
model  is  shown  in  equation  3: 

JpF  =  a PF  exp(/?PF  y[E)E  (3) 

XY  plot  of  32000  cells  after  200K  seconds  gate  stress  at  3V  and 
subsequently  at  5 V for  the  same  time  after  1 0K  erase/program  cycles 


Figure  6.  A  Poole-Frenkel  plot  of  the  extracted  SILC  of 
a  worst  case  cell. 
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Figure  7.  Cell  A  “developed”  SILC,  cell  B  “stopped” 
SILC,  and  cell  C  continued  SILC  during  gate  stress . 

The  extracted  electrical  current  density  vs.  field 
characteristics  have  been  fitted  with  3  models:  namely 
FN,  PF  and  single  TAT.  More  detailed  analysis 
shows  that  PF  and  TAT  models  fit  better  than  the  FN 
model,  especially  in  the  low  field,  low  current  region. 
Since  TAT  model  is  quite  cumbersome  to  be  applied, 
PF  model  is  used  further  for  analysis  and  lifetime 
prediction.  Figure  6  shows  a  fit  with  PF  model  of  the 


Figure  8.  XY  plot  identifies  the  “continuing  bits”,  “stop 
bits”  and  “start  bits”. 

SILC  has  a  strong  statistical  character,  not  only  in 
the  sense  that  it  is  localized  randomly,  but  also  in  the 
sense  that  it  appears  and  disappears  randomly  on  the 
time  scale,  as  reported  in  literature  [4].  It  has  been 
experimentally  observed  that  the  switching  does  not 
show  any  dependency  on  the  electrical  field.  In  figure 
7,  the  Vt  development  of  some  typical  cells  under  3V 
gate  stress  are  shown:  cell  A  “started”  to  show  SILC 
after  about  3000  seconds  gate  stress;  cell  B  “stopped” 
at  about  10000  second  gate  stress,  and  cell  C 
continued  showing  SILC.  In  order  to  study  whether 
these  “starting”  and  “stopping”  have  any  electrical 
field  dependency,  a  5V  gate  stress  was  applied 
directly  after  this  3V  gate  stress.  The  “stop”  bits  did 
not  show  up  again  in  the  subsequent  5V  gate  stress 
while  the  “start”  bits  continued  to  show  SILC.  An  XY 
plot  of  final  Vt  after  the  “5V  gate  stress”  versus  that 
after  the  previous  “3V  gate  stress”  is  shown  in  figure 
8  where  the  “stop  bits”  and  “start  bits”  are  indicated. 
The  total  number  of  cells  in  this  plot  is  about  32000. 
The  two  straight  help  lines  show  the  cells  which 
continued  showing  SILC  during  the  second 
stress(upper  line)  and  those  did  not  show  up  again 
during  die  second  stress  (lower  line). 

3.4.  The  distribution  of  SILC  cells 

Figure  9  shows  a  typical  threshold  voltage 
distribution  of  65536  cells  (Tox=78A)  in  a  die  before, 
during  and  after  the  gate  stress  (of  2V).  This  die  has 
been  heavily  pre-stressed  by  140K  erase/program 
cycles  at  high  voltage  (12V)  without  pulse  shaping. 
The  longer  the  gate  stress  time,  the  more  cells  enter 
the  upper-tail  distribution.  However,  the  slope  of  the 
upper  tail  remains  roughly  the  same  (0.5V/decade). 

4.  Retention  time  prediction 
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A  simple  way  to  translate  gate  stress  data  into 
retention  characteristics  is  to  shift  the  gate  stress  Vt 
versus  time  curve  by  -Vcg  [7].  However,  since  gate 
stress  measurement  is  performed  in  a  limited  time 
period  and  data  retention  requirement  is  much  longer 
than  that,  some  extrapolation  is  needed.  With  the 
knowledge  of  electrical  field  dependence  of  SILC  (PF 
model,  as  shown  in  equation  3),  the  basic  equations  (1 
and  2)  and  the  tail  distribution,  it  is  possible  to 
perform  “product”  lifetime  prediction  caused  by 
SILC.  Figure  10  shows  such  a  lifetime  prediction 
based  on  the  data  from  worst  case  cell  from  figure  9. 
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Vt  distribution  of  65536  EEPROM  colls  before  and  after  2o5  seconds  gate  stress  at  2V, 
Cells  were  pre-stressed  with  140K  E/P  cycles  with  12V  single  pulse.  (T OX-76A) 
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Figure  9.  Cumulative  Vt  distribution  as  a  function  of 
stress  time. 


Figure  10.  Room  temperature  storage  lifetime  prediction 
based  on  PF  fitted  parameters  to  the  worst  case  cell 
(Tox-78A,  after  140K  programming/erase  cycles  with  12V 
square  pulses):  15  years  for  a  6kb,  1  year  for  64kb,  and  2.5 
month  for  a  256Kb  “product”,  if  without  error  correction. 


5.  DISCUSSIONS 
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One  remark  should  made  that,  in  a  real  product, 
where  the  pulse  is  nicely  shaped,  and  the  endurance 
spec  is  mostly  about  100K  cycles,  the  lifetime  is  much 
better  than  the  calculated  figures  presented  above 
because  of  less  effective  stress  [8].  Quite  often,  there 
are  also  error  corrections  implemented  in  real 
products.  Given  the  size  of  a  product,  the  applied  error 
correction  scheme  and  the  required  data  retention 
failure  rate  specification,  a  maximum  tolerable 
number  of  SILC  bits  can  be  calculated.  The  gate  stress 
method  described  in  this  paper  can  be  used  to  check  if 
the  product  specs  can  be  met.  On  the  other  hand, 
given  the  data  collected  from  the  gate  stress 
measurements  as  described  in  this  paper,  the  error 
correction  scheme  can  be  optimized  for  a  certain 
(large)  product  to  satisfy  its  reliability  spec. 

6.  Conclusions 

SILC  characteristics  in  embedded  EEPROM 
process  and  its  impact  on  data  retention  after  full 
number  cycles  have  been  studied.  It  has  experimental 
observed  that  the  SILC  path  is  very  localized  and 
random.  The  SILC  leakage  path  can  be  turned  “on” 
and  “off’  statistically  and  the  switching  does  not 
depend  on  the  electrical  field.  The  SILC  caused  Vt 
shift  can  be  fitted  into  a  power-law  against  the  number 
of  program/erase  cycles.  The  measured  current- 
voltage  characteristics  of  SILC  can  be  well  described 
with  Poole-Frenkel  model.  EEPROM  retention  time 
prediction  can  be  made  by  extrapolating  the  gate 
stress  data  with  fitted  Poole-Frenkel  parameters.  Pulse 
shaping  helps  lowering  the  effective  stress  level  and 
error  correction  helps  the  product  data  retention. 
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In  this  paper  we  systematically  investigate  the  mechanism  of  enhanced  Fowler-Nordheim  injection  in  a 
MOS  capacitor  under  accumulation  when  a  film  of  off-stochiometric  silicon  oxide  is  deposited  between  the  poly¬ 
gate  and  the  thermal  silicon  dioxide.  Experimental  results  prompt  for  application  in  low-voltage  Flash  memories. 


1.  INTRODUCTION 

Starting  from  previous  works,  this  paper 
investigates  plasma  enhanced  chemical  vapour 
deposition  (PECVD)  SiOx  to  be  used  as  dielectric 
over  the  thermal  stochiometric  silicon  dioxide  in  a 
non-volatile  flash  memory  cell  [1-5].  The  PECVD 
SiOx  films  under  study  are  silicon-rich  off- 
stochiometric  oxides  and  will  be  also  called  SRO 
along  the  text.  These  films  have  been  characterized 
from  a  structural  and  electrical  point  of  view, 
through  TEM  and  XRD  techniques,  current-voltage 
and  capacitance  measurements.  We  will  show  that 
n++-poly/SiOx/Si02/p-sub  MOS  capacitors  (SRO- 
MOS)  can  be  employed  in  low-voltage  non-volatile 
memories.  In  fact,  an  enhanced  Fowler-Nordheim 
(FN)  injection  has  been  measured  with  respect  to  the 
conventional  n^-poly/SiO^p-sub  capacitors,  thanks 
to  the  presence  of  the  SRO:  the  threshold  voltage  for 
the  FN  regime  decreases  by  about  20%  with  a  two 
times-thicker  dielectric.  A  transport  model  is  also 
proposed,  in  order  to  explain  why  the  SRO  enhances 
electron  injection  under  substrate  accumulation, 
relying  on  the  bandgap  diagram  and  assuming  a  trap 
assisted  tunnel  through  the  SRO. 

2.  DEVICE  CHARACTERIZATION 

The  devices  have  been  fabricated  in  the 
laboratories  of  Texas  Instruments  Italia  (T.I.)  at 


Avezzano,  in  the  production  line  of  the  0.4  pm  flash 
memory.  The  technology  chosen  in  T.I.  for  the 
depostion  of  the  SiOx  films  was  the  PECVD  in  order 
to  exploit  the  same  chamber  used  for  the  growth  of 
stochiometric  silicon  oxide.  Nitrogen  was  used  as 
the  carrier  gas,  nitrogen  oxide  as  silane  diluent,  and 
we  define  the  dilution  parameter  R  as  [N20]/[SiH4]. 
The  temperature  was  fixed  at  320°C  on  the  wafer 
surface.  No  thermal  annealing  was  performed  on 
samples  soon  after  the  deposition.  We  investigated 
the  effect  of  the  radiofrequency  power  (RFP),  the  N2 
flux  ([N2]),  the  dilution  parameter  R,  and  the 
chamber  pressure  (P)  on  the  thickness  uniformity 
and  refractive  index.  As  a  result,  decreasing  R  down 
to  1.3,  the  refractive  index  increases  over  the  value 
2  since  the  material  becomes  silicon  richer.  As 
expected,  the  depo-rate  and  thickness  disuniformity 
are  greatly  affected  by  RFP,  which  prompted  us  not 
to  exceed  the  value  of  80  W.  Also  P  has  a  critical 
effect  on  the  thickness  uniformity,  and  its  value  was 
finally  chosen  around  1  Torr.  Structural 
characterization  of  R=2  and  R=6  films  of  SiOx 
deposited  on  crystalline  silicon  have  been 
performed.  TEM  did  not  reveal  the  presence  of  any 
crystalline  island  and  the  SiOx  appeared  quite 
homogenous.  X-ray  diffraction  was  also  performed 
and  no  signal  was  detected  in  correspondance  to  the 
crystalline  silicon  phase.  In  conclusion,  to  the  extent 
of  the  technique  sensitivity,  we  do  not  have 
crystalline  islands  in  our  SiOx  films. 
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Two  different  families  of  MOS  capacitors  have  been 
fabricated:  1)  conventional  n++-poly/Si02/p-sub  and 
2)  non-conventional  n^-poly/SiOx/Si02/p-sub 
capacitors  (SRO-MOS  capacitors). 

In  Fig.l,  the  cross  section  of  the  SRO-MOS 
capacitor  is  sketched. _ _ 


Fig.l  Sketch  of  the  SRO-MOS  capacitor 

In  all  the  devices,  substrate,  thermal  oxide,  and 
poly-gate  were  the  same:  the  substrate  was  [100] 
oriented,  the  poly-gate  was  3500A  thick  deposited 
by  PECVD  with  p=2000Q/square,  the  105A-thick 
film  of  Si02  was  thermally  grown  in  H2  and  02 
atmosphere.  Devices  had  an  area  of  7.07x10  2  cm2. 
The  substrate  was  contacted  by  a  polysilicon  film 
deposited  on  the  back  side  of  the  wafer. 

In  Fig. 2  the  I-V  curves  of  conventional  poly- 
n++/Si02/p-sub  and  non-conventional  poly-n+7 
SiOx/Si02/p-sub  capacitors  are  displayed.  As  one 
can  see,  the  n^/SiCySKVp-sub  capacitor  exhibits  a 
lower  value  of  the  Fowler-Nordheim  threshold  Vth 
than  the  n“7Si02/p-sub  ones.  In  that  capacitor  the 
SiOx  film  was  185  A  thick  and  had  R=2.  This  is  an 
experimental  evidence  of  enhanced  electron 
injection  in  the  capacitors  with  SiOx.  The  very 
encouraging  result  is  that  V*  improves  by  20%  with 
a  dielectric  which  is  almost  three  times  thicker  than 
in  the  conventional  capacitor. 

The  role  of  the  dilution  parameter  R  has  been 
investigated  in  the  range  1-10.  We  obtained  that  the 
value  of  Vth  systematically  shifts  with  R  indicating 
that  when  increasing  the  silicon  content  in  the  SiOx 
the  electron  injection  enhances.  In  particular, 
Vth~8.5V  for  R=1.3  and  Vth~22V  for  R=8.3.  The 
role  of  the  SiOx  thickness  has  been  also  investigated 
and  we  found  that  its  effect  on  V*  is  negligible.  On 


the  contrary,  the  capacitance  value  under 
accumulation  varies  with  the  thickness  confirming 
that  the  film  is  a  dielectric  and  contributes  to  the 
total  series  capacitance  of  the  MOS  device.  The  C-V 
measurements  were  performed  at  1  MHz. 

We  focus  on  the  C-V  measurements  on  samples 
with  372A  and  218A-thick  SiOx  films  and  measure: 
Vfb=-1.2V,  C^MlpF,  and  VFB=-1.4V, 
0^2=2 12pF,  respectively.  Now,  since  the 
interfaces  and  the  Si02  films  are  equal  in  the  two 
capacitors,  the  quantity  VpB1-VFB2  is  directly  related 
to  the  volume  charge  trapped  (Qv)  hi  the  two  films 
of  SiOx.  We  have:  VFB1-VFB2=0.2  V.  The  sign  of  the 
flatband  variation  means  that  the  contribution  from 
trapped  electrons  exceeds  the  total  contributions 
from  positive  charge  (ions  and  trapped  holes)  in  the 
bulk  of  the  dielectric.  The  trapped  charge 
distribution  has  a  maximum  in  the  vicinity  of  the 
SiOx/Si02  interface  since  the  Si02  surface  was 
damaged  by  plasma  during  the  growth  of  the  SiOx 
film.  We  can  depict  the  defect  distribution, 
following  the  steps:  1)  adopt  the  one-energy  level 
defect  approximation  for  simplicity  2)  assume  an 
exponential  trap  profile  as:  p(x)=p0exp(-x/x'),  where 
p  is  the  value  at  the  SiOx/Si02  interface  and  x'  the 
decay  parameter  -which  we  set  at  40  A-,  3)  ascribe 


Fig.  2  Comparison  between  FN  injection  in 
conventional  MOS  and  SRO-MOS 


the  quantity  VFB1-VFB2=0.2  V  entirely  to  the  charge 
trapped  in  the  thickness  difference  between  the  two 
SRO  films.  The  obtained  values  of  p  0  and  Qv  are 
about  0.02  C/m  and  80  pC,  respectively.  These 
values  of  x',  p  0  and  Qv  are  merely  indicative,  since 
energy  integration  along  the  defect  distribution  in 
the  gap  should  be  performed  in  a  more  realistic 
picture. 
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3.  CONSTANT  CURRENT  STRESS 

An  experiment  of  electrical  stress  under  constant 
current  was  performed  on  both  n^- 
poly/SiOx/Si02/p-sub  and  n** -poly/Si02/p-sub 
capacitors.  During  the  experiment  the  negative 
voltage  applied  to  the  gate  was  varied  in  order  to 
keep  the  current  constant  at  the  value  of  700  nA, 
corresponding  to  a  current  density  of  about 
ImA/cm2.  Figure  3  shows  the  change  in  gate  voltage 
as  a  function  of  stress  time  under  substrate 
accumulation  (inversion). 

We  measured  a  change  in  gate  voltage  indicating 
that  the  oxide  exhibits  significant  trap  generation 
and  electron  (hole)  trapping  at  the  gate/  SiOx 
(SiOx/Si02)  interface,  which  lowers  (increases)  the 
cathode  electric  field.  Results  are  in  agreement  with 
literature  [6].  C-V  curves  during  stress  were  also 
monitored  on  the  same  two  samples  and  we  noticed 
two  important  facts:  1)  after  the  stress  the  C-V 
curves  shift  by  about  the  same  amount, 
independently  of  the  SRO  thickness;  2)  8VFB<0.  As 
well  known,  the  capacitance  under  accumulation  is 
due  to  charge  variation  at  the  farthest  interface  from 
the  gate.  Thus  the  dominant  mechanism  of  electrical 


Fig. 3  Time  evolution  of  8Vg  during  the  stress 

degradation  of  SiOx  is  the  creation  of  defects  at  the 
substrate  interface  where  holes  can  be  trapped, 
giving  rise  to  a  negative  shift  of  the  flat-band 
voltage.  According  to  literature  [6-8]  electron 
stressing  can  produce  several  effects  in  silicon 
involving  release  and  migration  of  hydrogen, 
breaking  of  weak  bonds  and  formation  of  traps. 


As  shown  in  Fig.4,  data  of  time  evolution  of 
|  SVFB  |  during  the  stress  are  best-fitted  by  the 
equation  of  voltage  drop  of  a  charging  capacitance 
with  timescales  of  trapping-detrapping  phenomena 
of  deep  traps.  An  experiment  of  electrical  stress  of 
conventional  n^-poly/SiCVp-sub  capacitors 
performed  in  the  same  conditions  showed  a  8VFB  of 
about  0.45V  after  1000  seconds  stress  time.  Since 
the  conventional  c5ell  has  an  erase  time  of  10ms,  this 
corresponds  to  10  erase  cycles.  Now,  the  erase  time 
of  the  n++-poly/SiOx/Si02/p-sub  cell  is  lower  since 
the  erase  current  is  higher.  Actually  we  are  not  able 
to  predict  how  long  the  erase  time  in  a  Flash  cell 
using  the  n^-poly/SiOx/SKVp-sub  capacitor  would 
be,  since  the  F-N  current  varies  during  the  erase.  As 
an  example,  if  we  consider  an  extreme  case  and 
assume  the  erase  time  reduction  factor  equal  to  the 
F-N  current  enhancement  factor  just  above  threshold 
(100  times),  then  10  cycles  correspond  to  10 
seconds  stress  time  on  the  time  axis  of  Fig.4.  In  this 
case,  8Vfb  is  about  0.15V,  largely  lower  than  in  the 
conventional  case.  Actually,  the  erase  time 
reduction  factor  is  lower  than  100  for  most  of  the 
erase  time  duration  and  the  example  above  is  not 
realistic.  Neverthless,  it  indicates  that  the  n++-poly/ 
SiOx/Si02/p-sub  capacitor  is  likely  to  be  compatible 
with  the  endurance  requirements  of  practical 
applications  in  non-volatile  memories. 


Fig.4  Time  evolution  of  |  8VFB  |  during  the  stress 

4.  TRANSPORT  MODEL 

We  investigated  the  temperature  dependance  of 
current  in  conventional  MOS  and  SRO-MOS  in  the 
range:  30-1 10°C.  Results  indicate  that  two  different 
mechanisms  rule  the  electron  transport  through  SiOx 
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and  Si02,  namely  a  temperature  dependent  trap 
assisted  tunnel  through  the  SiOx  and  that  the  FN 
tunnel  of  the  Si02  and  the  latter  is  the  limiting  one. 

In  particular,  the  Poole-Frenkel  (PF)  tunnel  fits  the 
voltage  dependance  once  the  temperature  is  fixed, 
and  the  multi-step-tunnel  (mst)  fits  the  temperature 
dependance  once  the  voltage  is  fixed.  Thus, 
transport  through  the  SiOx  can  be  written  as: 
I(V,T)  a  Vexp(P'V  1/2)*  exp(yT).  Once  electrons 
have  passed  the  SiOx  film  by  a  trap-assisted-tunnel 
(t.a.t.)  mechanism,  they  must  tunnel  the  second 
barrier,  i.e.  the  SiOx/Si02  one,  by  a  FN  mechanism. 
Now  the  point  is  how  two  barriers  (<bpoiy/siOx  and 
Osi0x/si02)  enhance  electron  injection  with  respect  to 
case  single  n++-poly/Si02  barrier  (<J>poiy/si02)- 
To  this  aim,  a  picture  of  the  band  bending  of  the 
complete  n“^-poly/SiOx/Si02/p-sub  capacitor  under 
accumulation  is  sketched  in  Fig. 5,  where  two 
conditions  must  be  satisfied:  EgSl<EgSl0x<EgSl02  and 

<^>poIy/SiOx^"^>SiOx/Si02=  ^poIy/Si02 ^3.2  eV. 


In  that  figure,  we  notice  that  heigth  (<F)  and  depth 
(L)  of  the  FN  barrier  are  reduced  with  respect  to  the 
conventional  cell  and  AE  is  an  excess  energy, 
accelerating  electrons  toward  the  SiOx/Si02 
interface.  In  general,  in  the  FN  regime  it  holds 
I=qNAv0,  where  ©  is  the  tunnel  probability  and 
qNAv  is  referred  to  as  the  supply  function,  q  is  the 
electron  charge,  N  is  the  interface  density  of  states 
in  the  conduction  band,  A  is  the  device  area,  v  the 
medium  electron  velocity.  The  tunnel  probability  © 
is  related  to  L  and  O:  ©  =  exp  (-y01/2L)  where 


y=4(2m*)^2/3h.  The  supply  function  is  increased 
by  the  quantity  AE  through  the  electron  velocity. 
Values  of  AE  depend  on  VG  and  range  from  1  to  5 
eV,  above  the  FN  threshold,  even  if  most  of  this 
excess  energy  is  lost  at  the  SiOx/Si02  interface  due 
to  direct  weak  Si-H  bonds  breaking  and  rapid 
thermalization  with  the  shallow  defects. 
Calculations  based  on  this  model  are  in  excellent 
agreement  with  experiment  for  an  assumed  value  of 
the  FN  barrier  (+Osi0x/si02)  around  1.3  eV. 

This  confirms  that  the  presence  of  a  AE  in  the  SiOx 
and  a  smaller  FN  barrier  account  for  the 
enhancement  injection. 

5.  CONCLUSIONS 

In  this  paper,  n^-poly/SiOx/Si02/p-sub  capacitors 
for  applications  in  low-voltage  non-volatile 
memories  have  been  extensively  studied.  First,  a 
systematic  characterization  of  the  PECVD  SiOx 
films  has  been  performed.  Then,  the  enhanced 
electron  injection  under  substarte  accumulation  has 
been  demonstrated  and  monitored  under  constant 
current  stress.  As  a  result,  the  n^-poly/SiOx/Si02/p- 
sub  capacitor  is  compatible  with  endurance 
requirements  of  actual  Flash  memories,  and  the 
erase  time  lower  than  in  the  conventional  case.  We 
proposed  a  transport  model  consisting  on  two 
different  mechanisms:  a  trap-assisted-tunnel  through 
SiOx,  and  a  FN  tunnel  through  Si02.  The  presence 
of  two  “small”  barriers  and  an  accelerating  electric 
field  in  the  SiOx  causes  the  injection  enhancement 
respect  to  the  case  of  a  single  poly/Si02  barrier. 
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External  electron  irradiation  and  internal  ballistic  electron  transport  have  been  used  to  investigate 
the  induced  electronical  and  optical  modification  of  Si02  layers.  The  dose  behaviors  of 
cathodoluminescence  (CL),  of  charge  injection  l(V)  and  trapping,  of  secondary  electron  field  emission 
(SEFE),  and  of  exoelectron  emission  (EEE)  follow  an  exponential  saturation  up  to  doses  of  0.01  -  0.1 
As/cm2.  The  respective  defect  creation  is  attributed  to  twofold  coordinated  silicon  =Si:  centers  and 
their  conglomeration  under  high  electric  fields  to  tips  and  channels  accross  the  Si02  layers.  The  latter 
ones  allow  an  almost  ballistic  free  flight  of  electrons  as  shown  by  high  energy  vacuum  emission. 


1.  INTRODUCTION 

Extrinsic  and  intrinsic  defects  in  Si02  have  a 
decisive  influence  on  the  material  quality  and  its 
application.  Several  defects  are  optically  active 
and  can  be  studied  by  luminescence 
spectroscopy  [1].  Cathodoluminescence  (CL), 
the  emission  of  light  as  a  result  of  electron 
irradiation,  is  particulary  suitable  for 
investigation  of  thin  films,  because  large 
excitation  doses  are  obtained  within  a  small 
probe  volume. 

energy  (eV) 

6  5  4  3  2.5  2  1.8  1.6 


However,  ionizing  radiation  in  the  dielectric 
and  optically  transparent  material  Si02 
produces  defect  luminescence,  charge 
trapping,  IR  mode  softening  as  well  as 
exoelectron  emission  after  excitation  and 
during  thermal  annealing.  These  irradiation  and 
relaxation  phenomena  have  been  investigated 
in  context  in  [2].  Under  cathodo-excitation,  e.g. 
the  main  blue  luminescence  band  B  at  460 
nm  (2.7  eV)  is  appearing  and  then  strongly 
growing  with  an  exponential  saturation  [3],  see 
Fig.  1. 


Fig.  1  Evolution  of  the  Si02  cathodoluminescence  spectrum  with  electron  irradiation  time; 
dox  =  250  nm,  E0  =  5  keV;  j0  =  8  1  O'4  A/cm2,  RT 
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Fig.  2  Normal  vacuum  emission  of  electrons  (a)  and  typical  (b)(c)(g)  and  possible  (d)(e)(f) 
damages  and  degradation  effects  of  MOS  stacks 


The  respective  luminescence  center  is 
correlated  with  oxygen  deficiency  and  twofold 
coordinated  silicon  =Si:,  according  to  the 
Skuja  model,  [4].  A  simple  oxygen  vacancy 
may  present  the  precursor  for  this  kind  of 
defect  transformation,  [2,  3]. 


2.  ELECTRONIC  AND  OPTICAL 
MODIFICATIONS  DUE  TO  IRRADIATION 

The  comparison  of  different  electronic 
excitation-relaxation  processes  like 

-  cathodoluminescence  (CL), 

-  charge  injection  (IV)  and  charge  trapping, 

-  secondary  electron  field  emission  (SEFE), 

-  exoelectron  emission  (EEE) 

leads  to  a  generally  similar  excitation-dose 
behaviour  described  by  an  electron  beam 
saturation  dose  of  0.01-0.1  As/cm2.  This 
suggests  a  correlation  of  these  four  ballistic 
electron  excitation  mechanisms  likely  related 
to  the  same  kind  of  defect  in  glassy  Si02. 
Defect  conglomeration  and  consequently 
defect  tip  formation  under  electric  field  has 
been  proposed  and  discussed  already  by 
Stoneham  et  al.  [5].  The  results  are  based  on 
l(V)  diode  characteristics  and  Ive(V)  electron 
vacuum  emission  curves  of  MIS  structures  [6]. 
Defect  tips  and  channels  produce  hysteresis 
and  do  affect  the  l(V)  characteristics 
irreversibly.  They  should  be  considered  as 


precursors  of  the  macroscopic  breakdown  and 
burn-out. 

Defect  conglomeration  has  been  detected 
also  by  luminescence  (PL,  CL)  measure¬ 
ments  in  Si02,  [7],  The  twofold  coordinated 
silicon  centers  =Si:  with  the  typical  singlet- 
singlet  and  singlet-triplet  transitions, 
associated  with  the  ultraviolet  UV  and  the 
blue  B  luminescence  bands  of  Si02  (Fig.  1), 
may  conglomerate  to  defect  complexes  [7]. 


3.  HIGH  FIELD  VACUUM  EMISSION 

In  a  second  experimental  setup  we  have 
investigated  high  field  vacuum  emission  (VE) 
of  ballistic  electrons  from  Au-Si02-Si- 
structures.  The  VE  from  these  MOS  structures 
is  recorded  by  means  of  a  spherical  grid 
retarding  field  analyzer  in  combination  with 
a  secondary  electron  multiplier,  [8].  Thereby 
the  top  semitransparent  gold  electrode  of  the 
samples  is  grounded  and  the  substrate 
is  connected  to  the  drive  voltage  Us,  as 
can  be  seen  in  Fig.  2. 

The  MOS  samples  consist  of  n-Si  substrate 
with  (10  -  500)  nm  Si02  layers  grown  by 
thermal  dry  oxidation  at  about  1200  °C. 
Very  thin  (8  to  12)  nm  sputtered  Au  layers 
are  deposited  on  the  top.  The  n-Si  substrate 
enables  tunnel  injection  of  electrons  from 
the  conduction  band  of  Si  into  Si02  at  fields 
of  several  MV/cm,  thus  the  investigation 
can  be  extended  to  this  field  range. 
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Fig.  3  Retarding  field  curves  (above)  and  corresponding  energy  distributions  (below)  with  a  beginning 
double  peak  structure  and  wide  spreaded  distributions  for  higher  fields  and  greater  oxide 
thicknesses  dox ;  Us  -  driving  voltage. 

The  injected  electrons  will  undergo  scattering  dox  =  (13  -  500)  nm  has  been  investigated, 

processes  in  the  SiO?  layer  and  under  This  experiment  has  to  be  carried  out  very 

normal  conditions  a  certain  part  of  them  carefully  because  only  at  certain  flight 

(up  to  10'3)  will  be  emitted  through  the  thin  distances  and  field  strengths  the  beginning  of 

top  Au-electrode  into  vacuum,  as  shown  in  avalanching  will  appear  as  it  is  indicated  by  a 

Fig.  2a.  The  retarding  fields  curves  in  Fig.  3  double  peak  structure  consisting  of  exciting 

and  their  derivatives,  i.e.  the  energy  and  excited  electrons  like  in  Fig.  3. 

distributions  of  emitted  electrons,  demon-  For  very  thin  layers  (dox  =13  nm)  we 

strate  the  energy  distribution  as  a  observe  electron  energies  below  2  eV 

function  of  the  path  length  across  the  (Fig.  4)  increasing  to  almost  4  eV  at  roughly 

oxide  layer.  A  series  of  layer  thicknesses  double  layer  thickness  (d0x  =  21  nm). 
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Fig.  4 

Evolution  of  the  electron  vacuum  emission 
(VE)  energy  distributions  with  increasing  oxide 
thickness  dox  and  drive  voltage  Us; 
the  energy  scale  is  interrupted  at  10  eV, 
slightly  above  the  forbidden  gapEg=9eV 
in  Si02. 


This  is  still  below  the  energy  gap  of  Si02 
with  Eg  =  9  eV.  With  further  increase  of 
thickness  dox  and  drive  voltage  Us,  to  20  V 
and  higher,  we  observe  the  double  peak 
structure  of  the  energy  distributions  as 
demonstrated  in  Fig.  3  and  4. 

Especially  for  very  thick  layers  dox  =  500nm 
and  high  field  strength  F  *  5  MV/cm  we 
measure  electron  energies  up  to  200  eV,  i.e. 
80  %  of  the  maximum  ballistic  drive  energy 
Ebaii  =  eUs,  as  shown  in  Fig.  4  and  already 
reported  in  [8]. 


4.  CONCLUSIONS 

Obviously,  no  energy  stabilization  of  emitted 
electrons  is  obtained,  very  likely  caused  by 
defect  conglomeration  and  forming  of  defect 
tips  and  defect  channels  accross  the  Si02 
layers.  We  assume  that  in  a  first  step  these 
defects  form  injection  tips  at  the  interface  to 
the  Si  substrate,  see  Fig.  2e.  At  the  interface 
a  certain  oxygen  deficit  is  given  presenting  an 
essentia!  precursor  for  the  electronically  active 
defect.  Then  these  injection  tips  may  grow  to 
defect  channels  as  shown  in  Fig.  2f. 

The  non-bond  free  luminescent  electron  pairs 
of  the  defect  complexes  =Si:  may  form 
electron  free  flight  channels  enabling 
electrons  an  almost  ballistic  emission  into  the 
vacuum. 

This  hypothesis  should  be  proved  more 
comprehensively  in  future.  However,  the 
following  burn-out  of  such  a  channel  by  local 
heat-up,  is  probably,  leading  to  the 
macroscopic  “dead  craters"  as  presented  in 
Fig.  2g  and  more  thoroughly  investigated  in 
[8].  It  is  the  final  state  of  burn-out  as  has 
been  observed  by  many  other  authors,  too. 
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By  means  of  a  Rapid  Thermal  Chemical  Vapor  Deposition  (RTCVD)  reactor,  we  have  deposited  Si  nuclei  on 
Si02  with  appropriate  characteristics  for  the  fabrication  of  quantum  dot  based  memories.  These  characteristics 
have  been  obtained  from  AFM  measurements.  The  effects  of  temperature  and  deposition  time  on  nuclei  density, 
size  and  uniformity  have  been  analyzed  and  discussed. 


1.  INTRODUCTION 

One  of  the  main  applications  of  tunnel  oxides 
can  be  found  in  the  field  of  non-volatile  memories. 
Among  them,  floating  gate  EEPROM’s  are  the  most 
popular.  In  these  memories,  a  threshold  voltage  shift 
is  caused  by  charging  the  floating  gate  via  electron 
injection  through  the  tunnel  oxide.  The  magnitude  of 
this  voltage  shift  as  well  as  device  performance 
(write  and  read  times,  charge  retention)  are  related  to 
the  thickness  and  quality  of  the  tunnel  oxide.  In 
traditional  designs,  tunnel  oxides  as  thick  as  7nm  are 
necessary  to  achieve  non-volatility.  This  requires 
high  programming  voltages  and  long  writing  times. 
However,  thinner  tunnel  oxides  (less  than  5nm)  can 
be  used  if  the  floating  gate  is  replaced  by  an  array  of 
silicon  nano-islands,  since  in  this  case,  the  charge 
loss  through  lateral  paths  to  the  contacting  regions  is 
suppressed.  In  this  way,  fast  write  and  read  times, 
small  degradation,  long  retention,  operation  at 
smaller  voltages  and  low  power  consumption  can  be 
achieved.  It  is  clear  that  device  performance  has  to 
be  very  dependent  on  the  characteristics  of  silicon 
islands,  or  nuclei,  embedded  in  the  insulator 
(dimensions,  density).  However,  although  nuclei 
growth  with  application  to  memory  devices  has  been 
reported  [1-3],  additional  effort  is  required  to  gain 
insight  on  how  the  characteristics  of  these  silicon 
nuclei  grown  on  Si02  can  be  controlled.  In  this 
work,  we  have  studied  the  initial  stages  of  silicon 
deposition  on  Si02  by  Rapid  Thermal  Chemical 
Vapor  Deposition  (RTCVD)  with  the  aim  of 


obtaining  the  dependence  of  nuclei  characteristics 
(size  distribution  and  density)  on  process  parameters 
(namely  temperature  and  time).  The  main  advantage 
of  such  a  system  is  that  very  fast  temperature 
transitions  (up  to  5  OK/s)  can  be  achieved,  so  that 
accurate  temperature  control  at  relatively  low 
deposition  times  is  possible.  This  is  an  advantage 
compared  with  other  CVD-based  techniques,  since, 
as  will  be  demonstrated,  deposition  times  of  the 
order  of  lmin  or  less  are  necessary  to  grow  Si  nuclei 
with  suitable  properties  for  long  retention  time 
memory  applications. 

2.  EXPERIMENTAL 

The  reactor  is  a  RTCVD  system  with  air-cooled 
tungsten  lamps  that  allow  temperature  transitions  on 
the  surface  of  the  wafers  as  fast  as  5  OK/s, 
maintaining  the  walls  of  the  deposition  chamber  at 
much  lower  temperatures.  In  such  a  way,  the 
deposition  processes  are  initiated  and  terminated  by 
temperature  switching,  thus  minimizing  the  thermal 
budget.  This  is  important  in  applications  requiring 
the  growth  of  very  thin  films  or  nuclei.  The  system 
is  equipped  with  a  turbomolecular  pump  able  to  give 
an  ultimate  vacuum  of  10"6mbar  before  the  initiation 
of  the  depositions.  This  provides  the  clean  growth 
environment,  essential  to  obtain  good  quality 
structures.  We  have  performed  Si  depositions  on 
Si02  with  layer  thickness  ranging  from  several 
hundreds  of  nanometers  down  to  silicon  island 
formation.  The  deposition  temperatures  and 
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pressures  have  been  considered  within  the  intervals 
520°C-600°C  and  0.2mbar-1.5mbar,  respectively, 
while  the  flow  rate  of  the  source  gas  (undiluted 
SiH4)  has  been  established  in  50sccm. 

The  samples  used  in  this  study  are  4in  Si(100) 
wafers  (resistivity  lOQcm)  with  a  thermal  Si02  of 
lOOnm  thickness.  Before  depositions,  oxide  surfaces 
were  cleaned  by  introducing  the  wafers  in  a 
H2O2/H2SO4  (3:1)  bath  during  15min,  followed  by  a 
5  min  rinse  in  DI  water  and  a  spin  dry. 
Subsequently,  the  wafers  were  loaded  in  the  reacting 
chamber  and  the  deposition  process  was  allowed  to 
start. 

3.  RESULTS  AND  DISCUSSION 

Our  aim  was  to  find  a  process  parameter  window 
suitable  to  obtain  Si  nuclei  on  Si02  with  appropriate 
characteristics  to  develop  memory  devices  based  on 
them,  and  to  study  the  effects  of  these  parameters 
(specifically  temperature  and  time)  on  nuclei 
properties.  To  this  end,  it  has  been  previously 
necessary  to  grow  bulk  films  in  order  to  analyze  the 
effects  of  process  parameters  on  growth  kinetics  and 
surface  roughness.  The  latter  parameter  is  important 
since  it  is  related  to  the  initial  deposition  stages,  i.e. 
to  the  properties  of  the  grown  nuclei  [4].  The  growth 
rate  (GR)  is  important.  To  have  accurate  control  on 
nuclei  size  it  is  convenient  not  to  exceed  few 
nm/min  of  bulk  film  growth.  We  have  obtained  the 
GR  dependence  on  temperature  under  fixed  process 
pressure  (0.2mb)  and  gas  flow  (50sccm  of  undiluted 
SiH4).  The  Arrhenius  plot  (shown  in  figure  1) 
reveals  that  deposition  temperatures  in  the  range 
considered  are  suitable  for  our  purposes  since  the 
growth  rates  (3.5 nm/min- 1 6nm/ min)  lie  within  the 
above  cited  specifications.  Spectroscopic 
ellipsometry  has  been  used  to  determine  the 
thickness  of  the  deposited  layers,  from  which  the  GR 
have  been  obtained.  The  intercept  of  the  thickness- 
vs-time  linear  fit  to  the  time  axis  has  been 
considered  as  an  estimate  of  the  time  scale  necessary 
to  obtain  stable  nuclei.  We  have  called  this  intercept 
incubation  time.  However,  other  alternatives  to 
measure  the  time  necessary  for  the  onset  of  nuclei 
formation  have  been  reported  [5]. 

By  analyzing  the  effects  of  process  pressure,  we 
have  concluded  that  increasing  pressure  from  0.2mb 
up  to  1.5mb,  surface  roughness,  inferred  from  AFM 
measurements,  decreases  (figure  2).  Deposition 
times  have  been  decreased  with  increasing  pressures 
to  compensate  for  the  increasing  GR,  with  the  aim  to 


obtain  Si  layers  of  similar  thickness  in  all  cases.  The 
dependence  of  surface  roughness  on  pressure  is 
attributed  to  the  larger  silicon  flux  to  the  deposition 
surface  at  higher  pressures,  which  enhances  the 
density  of  stable  clusters  and  hence  reduces  the  grain 
sizes,  providing  smoother  surfaces.  This  means  that 
smaller  and  more  dense  nuclei  are  expected  in  the 
initial  deposition  stages  under  high  pressures.  One 
important  parameter  for  most  applications  is  nuclei 
uniformity.  From  AFM  images  obtained  under 
various  process  pressures,  it  is  seen  how  grain  size 
uniformity  in  bulk  films  does  not  appreciably  vary 
with  this  parameter.  Therefore,  we  expect  the  same 
behaviour  for  nuclei  growth.  However,  if  SiH4  is 
diluted  in  H2,  grain  size  uniformity  is  lost.  This 
suggest  to  discard  the  dilution  of  SiH4  in  H2  for  the 
growth  of  Si  islands  in  SiC>2. 


Figure  1 .  Arrhenius  plot  for  Si  films  grown  on  Si02 
under  0.2mb  and  SOsccm  of  undiluted  SiH4 
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Figure  2.  Dependence  of  RMS  surface  roughness  on 
deposition  pressure  for  samples  grown  at  540°C  and 
50sccm  of  undiluted  SiH4. 

According  to  bulk  film  characterization 
presented  so  far,  and  assuming  that  a  correlation 
exists  between  final  film  morphology  and  the  initial 
nucleation  stages,  undiluted  SiH4  at  temperatures 
between  520°C  and  600°C  and  pressures  ranging 
between  0.2mb  and  l.Smb  are  appropriate  process 
conditions  to  the  formation  of  nanoscale  Si  islands 
on  Si02.  In  this  study,  we  will  analyze  the  effects  of 
temperature  and  time  on  nuclei  formation  (process 
pressure  and  SiH4  gas  flow  have  been  fixed  in  0.2mb 
and  50sccm,  respectively).  In  particular,  we  have 
grown  Si  nuclei  at  three  different  temperatures 
(520°C,  540°C  and  600°C)  and  times.  Nuclei  of 
nanometer  scale  dimensions  are  obtained  when 
deposition  times  are  of  the  order  of  the  incubation 
time  (figure  3). 


Figure  3.  Si  nuclei  grown  on  Si02  at  600°C  and 
0.2mb  during  20s  with  50sccm  of  undiluted  SiH4. 
Nuclei  heights  are  around  3nm  and  the  image  range 
is  lpmxlpm. 


Figure  4.  Dependence  of  nuclei  density  with  time  at 
the  temperatures  indicated  and  0.2mb,  50sccm  of 
undiluted  SiH4. 

In  figure  4,  we  represent  the  nuclei  density 
variation  with  time  for  the  temperatures  considered 
(only  two  data  point  are  represented  at  600°C).  As 
corresponds  to  a  low  temperature  regime,  small 
nuclei  and  high  nuclei  density  have  been  obtained,  in 
comparison  to  previous  results  obtained  by  Basa  and 
co-workers  at  higher  temperatures  [6].  This  is  in 
accordance  to  the  accepted  idea  that  the  higher 
adatom  mobility  that  results  at  higher  temperatures 
leads  to  sparse  and  large  nuclei.  However,  if  we 
compare  the  saturation  density  at  520  and  540°C,  a 
higher  value  is  obtained  at  the  higher  temperature, 
contrary  to  the  previous  idea.  In  our  opinion,  the 
different  behaviour  between  our  results  (showing 
that  saturation  density  increases  with  temperature) 
and  those  of  Basa  et  al.  [6]  may  probably  be 
explained  as  a  consequence  of  a  different 
mechanism  governing  film  growth  at  the  first  stages, 
under  each  experimental  conditions.  Namely,  nuclei 
growth  and  nuclei  formation  both  contribute  to 
surface  coverage.  If  the  former  proceeds  at  high  rate 
as  compared  to  the  latter,  large  and  sparse  nuclei  are 
expected  before  coalescence.  Under  the  conditions 
of  Basa,  it  is  likely  that  nuclei  growth  rate  is  more 
sensitive  to  temperature  than  the  rate  of  nuclei 
formation,  so  that  an  increase  in  temperature  may 
lead  to  a  lower  saturation  density.  The  opposite  trend 
would  explain  why  in  our  case  saturation  density 
increases  with  temperature.  Whether  this  different 
behaviour  at  high  [6]  and  low  (present  work) 
temperatures  is  due  to  temperature  effects  or  is 
affected  by  other  changes  in  experimental  conditions 
(such  as  precursor  gas  dilution)  requires  further  test 
beyond  the  scope  of  the  present  work. 

A  key  property  for  memory  applications  is  nuclei 
uniformity.  This  has  been  estimated  from  the 
standard  deviation  of  nuclei  heights  and  diameters 
relative  to  their  mean  values  (figure  5).  Nuclei 
uniformity  clearly  improves  with  temperature  and 
deposition  time.  The  variation  nuclei  in  size  is  due  to 
the  fact  that  nucleation  events  are  time  distributed. 
At  high  nucleation  rates,  the  time  interval  between 
the  formation  of  the  first  nuclei  and  last  nucleation 
events  is  low,  and  sharp  size  distribution  are 
expected.  This  explains  why  improved  uniformity  is 
achieved  at  the  highest  temperature.  On  the  other 
hand,  the  nucleation  rate  decreases  with  increasing 
time.  The  effect  is  related  to  a  displacement  of  the 
size  distributions  towards  higher  values,  which 
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results  in  a  decrease  in  the  relative  standard 


deviation. 


Figure  5.  Uniformity  factor  for  size  distribution,  i.e. 
heights  (continuous  line)  and  diameters  (dashed 
lines).  This  has  been  estimated  from  the  standard 
deviation  relative  to  mean  values. 


Finally,  in  figure  6  is  shown  the  variation  of 
nuclei  heights  with  time  for  the  lower  temperatures 
considered.  The  radii  (not  shown)  are  larger  than 
the  heights,  being  the  shape  factor  approximately 
two  in  all  cases.  It  is  obvious  that  the  characteristics 
of  the  obtained  nuclei  are  suitable  for  the  fabrication 
of  memories  based  on  self-assembled  quantum  dots 
in  the  tunnel  oxide.  Our  results  point  out  that  nuclei 
uniformity  is  improved  with  temperature.  However, 
as  temperature  increases,  a  lower  control  on  nuclei 
density  and  dimensions  is  expected  since  the 
sensitivity  of  these  parameters  with  time  also 
increases.  These  results  seem  to  indicate  that 
uniformity  as  well  as  control  on  nuclei  density  and 
dimensions  can  both  be  optimized  by  carrying  out 
temperature  varying  processes  -higher  temperatures 
at  the  former  deposition  stages  to  shorter  the  period 
of  nuclei  formation,  i.e.  to  achieve  a  high  degree  of 
uniformity,  followed  by  a  lower  temperature  stage  to 
obtain  a  better  control  on  nuclei  dimensions  and 
density.  We  left  this  as  a  future  work. 

4.  CONCLUSION 

In  this  work,  appropriate  process  parameters  for 
the  formation  of  Si  nanodots  on  Si02  by  means  of  a 
RTCVD  reactor  have  been  obtained.  The  resulting 


nuclei  have  been  found  to  be  suitable  for  the 
fabrication  of  quantum  dot  based  memories.  We 
have  analyzed  the  effects  of  temperature  and  time  on 
nuclei  characteristics.  The  following  conclusions 
have  been  derived:  (i)  contrary  to  previous 
experiments  carried  out  at  higher  temperatures,  we 
have  found  that  the  saturation  nuclei  density 
increases  with  temperature;  (ii)  nuclei  uniformity 
improves  with  time  and  temperature;  (iii)  at  lower 
temperatures,  the  sensitivity  of  nuclei  parameters 
(density  and  size)  with  time  decreases,  therefore  it  is 
expected  a  better  controllability  on  nuclei  growth  at 
lower  temperatures. 


Figure  6.  Average  heights  for  the  nuclei 
distributions  of  figure  4. 
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